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SECTION I. GENERAL INTRODUCTION 
2 
INTRODUCTION 
Upon hearing of the discovery of the muon I.I. Rabi asked 
the famous question, "Who ordered that?": this was the birth 
of the generation problem. It was philosophically disturbing 
that nature should repeat itself by allowing two fundamental 
particles to exist which are only distinguished by their mass. 
Since that time a host of "fundamental" particles have been 
discovered. These include quarks, leptons, and gauge bosons 
(the "carriers" of the forces). In Table I we display the 
known particles and some of their quantum numbers.1 The weak 
isospin and hypercharge assignments are those of the left 
handed fermions in the Standard Model (SM) of electroweak 
interactions^ with color assignments those in Quantum 
Chromodynamics (QCD).^ we see that there are at least three 
generations (or families) of quarks and leptons with each 
generation simply being a more massive copy of the preceding 
one. At present there is no justification for why there should 
be such a duplication. 
There have been many explanations proposed for this family 
structure, however, none of them have been completely 
satisfactory. For example, in the theory of superstrings^ the 
number of generations is determined by a topological invariant 
of the compactifying manifold (the Euler characteristic). If 
superstring theory uniquely determined this manifold then this 
would be a reasonable solution, however, at present there are 
3 
is an extremely large number of allowed manifolds. Thus, the 
generation problem has simply evolved into the "poly-manifold 
problem". The determination of a unique manifold is likely to 
be several decades away from being realized if at all. 
It is also possible to obtain a generation structure for 
the fermions in some Grand Unified Theories.5 Particular 
attention has been given to unification models which are based 
on the orthogonal groups S0(4n+2).6f7 In these theories one 
often assumes that all fermions lie in a single irreducible 
representation of the unifying group G. When G is broken to 
the SM (or (SM)xG') this representation is decomposed into 
three (or more) identical representations of SU(3)xSU(2)xU(1) 
(SU(3)xSU(2)xU(1)xG'). One drawback to this approach is the 
appearance of "mirror" fermions which are particles with the 
same SU(3)xSU(2)xU(l) quantum numbers as ordinary fermions but 
having right-handed coupling to the W-boson instead of the 
usual left-handed. Since these particles have not been 
observed there must be a mechanism which makes the mirror 
fermions heavy while keeping the usual fermions light; so far 
such a mechanism has not been discovered. Another problem 
with these theories is the proliferation of the number 
generations to more than three. For example, family 
unification based on S0(18) predicts eight families of 
particles, of which four are mirrors. 
One could simply choose the gauge group to be 
G=SU(3)xSU(2)xU(1)x(G') and distinguish the generations by 
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their G' quantum numbers. This "horizontal symmetry" must be 
a broken symmetry which is either discrete, global, or gauged. 
A broken global symmetry produces a light physical Goldstone 
boson whose couplings must be suppressed in order to avoid 
(unobserved) flavor changing neutral current processes. If 
the symmetry is gauged there are usually problems with 
anomalies if G is larger than SU(2), U(l), or U(1)N. m ordsr 
to cancel these anomalies extra particles would need to be 
added which would increase the number of unseen particles even 
further. Discrete symmetries are also allowed and do not 
introduce unseen particles but they are often somewhat 
artificial. It thus appears that these types of models also 
have their drawbacks. 
Historically a large number of "fundamental" particles has 
always been explained by uncovering the underlying 
substructure within these states. For example, atoms were 
once believed to be the fundamental building blocks. By 
discovering nucléons and electrons the large number of 
different atoms (>100) could be "built" from these more 
fundamental particles. In the late 1950s as the large number 
of "fundamental" hadrons grew it became apparent that these 
too may be composite states. This lead to the introduction of 
quarks in the early 1960s. At present there are eighteen 
quarks and six leptons which are considered fundamental. This 
is a large number and perhaps it suggests that these particles 
may also be composite. If the generation structure is simply 
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due to compositeness then it is important to know how to first 
detect composite structure experimentally. In both of the 
examples above (atoms and hadrons) compositeness was first 
discovered by observing form factor modifications to 
scattering cross sections. In Section IV we investigate how 
this technique can be applied to possibly detect a new layer 
of structure beyond the presently existing one. 
There is another aspect to the modern formulation of the 
generation problem which we have not yet addressed. It is 
hoped that an explanation of the mass hierarchy of the 
fermions will lead to the determination of the a priori 
arbitrary constants existing in the charged current sector of 
the weak interactions. In particular, if the quark mass 
matrix (M) is specified the charged current mixing matrix can 
be calculated (this is shown explicitly below). 
Ideally one would like to understand the origin of fermion 
masses at a fundamental level. However, as we have seen, 
these attempts are plagued with numerous difficulties. One 
way to gain insight into the generation problem is to 
determine the correct form for M. As we will see in Sections 
II and III the experimental constraints placed on the charged 
current mixings provide a means of reducing the large number 
of possible quark mass matrices to a few. Once the possible 
matrices are known they may provide clues as to their origin: 
superstrings. Grand Unified Theories, horizontal symmetries, 
compositeness, etc. Before proceeding with our study of the 
6 
generation problem we first review the standard 
SU(3)CXSU(2)LXU(1)Y model. 
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SU(2)xU(l) STANDARD MODEL 
SU(2)xU(l) Gauge Theory 
The Standard Model (SM) of electroweak interactions is a 
spontaneously broken non-Abelian gauge theory based on the 
gauge group SU(2)xU(l). The Lagrangian for this theory can be 
divided into the gauge boson, fermion, scalar, and Yukawa 
sectors ; 
^ ~ ^YUK " ( ^  ) 
The gauge boson sector is given by 
^GB - - ; [ ]' '2) 
where 
and 
Here A^^ (B) is the SU(2)l (U(l)y) gauge fields and g is the 
SU(2)l coupling constant. In any gauge theory the gauge 
fields must lie in the adjoint representation, thus, for the 
theory at hand the gauge fields A^^ transform as the 3 
representation of SU(2) and the field couples to the charge 
Y/2. From (2) it is straightforward to obtain the 
self-interactions of the gauge bosons which arise due to the 
non-abelian nature of the theory. Of particular interest to 
8 
UE in this work is the trilinear yWW coupling which will be 
discussed in Section IV. 
A fermion can be decomposed into states of definite 
handedness (either left or right) 
1 1 
+ -(1 + Yg)^ . (3) 
In Figure 1 we display the fermions in terms of their 311(2)^ 
representations. We see that *1/^ lies in doublets whereas 
lie in singlets, thus, the left and right handed components 
interact differently; the theory is chiral. From Table I we 
note that the normalization of the generator of the U(l) group 
(Y) is chosen so that Q=T3+Y/2. The fermion sector of the 
theory is dictated by gauge invariance: 
^F= Ç ' (4) 
where is the covariant derivative defined by 
V V 
and a labels the fermion representation. Here Tj[ are the 
SU(2)L generators and g (g') is the SU(2)L (U(l)y) coupling 
constant. 
Spontaneous Symmetry Breaking 
Since the weak interaction is short range we must have 
massive gauge fields as the carriers of this force. If gauge 
boson mass terms are added by hand then the theory is no 
9 
longer locally gauge invariant or renormalizable (divergences 
could not be absorbed into the parameters of the theory within 
each order of perturbation theory). This obstacle was 
overcome by the Higgs mechanism which we now discuss.® 
Consider the addition of a doublet of complex scalar (Higgs) 
fields 
,+ 
$ = * 
to the theory. These fields have SU(2)xU(l) gauge invariant 
interactions given by 
Lgc= (Dp$)+(D^$) - V($) (5) 
where the most general form of V($) is 
V($) = + X($+$)2. 
We note that for ^^>0 the potential has a minimum at 
< 0  I  0 >  =  5  w h e r e  v = ( / / ^ / X ) ,  
where |0> is the vacuum state of the system, thus, $ develops 
a non-zero vacuum expectation value (vev). We take the U(l)ein 
invariant component of $ as the part which develops a vev in 
order to keep the photon massless. Thus if. 
< 0  I $  I 0 > =  —  
/2 
0 
V 
(with V as above) , (6) 
then the SU(2)xU(l) symmetry of tb/: -.vnruum will be broken 
10 
leaving U(l)eni unbroken; SU(2)LxU(l)y —> U(l)gn,. Explicitly 
this spontaneous symmetry breaking proceeds as follows. We 
can parameterize the complex doublet i in terms of four real 
fields Ci (i=l, 2, 3) and h 
#=  U"^(C)  
(v+n)/42 
where U(()=exp[iC'T/v] • 
For Ci and Yi to be physical fields they must satisfy 
<0 I Ci I0>=<0I h I0>=0. We transform to the unitary (physical) 
gauge by making the transformations 
$'=U(C)$, 
T.Ap'=U(C)(T.Ap)U-l(C)-i/g[9pU(C)]U-1(C), 
and 4^'=U(C)*L . 
This transformation defines a new vacuum state for the system 
and shifts the field t to the new field If we now examine 
the term in Lg^ which is proportional to v^ we arrive at 
2 
^ ^ GB^mass' 
• "4 ">•" + \ «2 \ "yV"' (7) 
where we have defined 
W-=(A^^ + iA^^)//2 and M^= g^v^/d . (8) 
The masses of the photon (A^) and 7, boson (Z^) arise by 
diagonalizing the A'^-B' mass matrix 
11 
f 2 n 
9 \ g -gg Pr 
^ ) 
' '2 
-gg g 
I / 
(9) 
k ' \ ) 
? v2(g2+g'2) 0 'z^ " 
) A^ 
1 , „ 1 _ 
= -MyZ + -M^A A^, 
2 Z 2 Y // 
The weak eigenstates are obtained from the physical states by 
the orthogonal transformation 
Z 
/ \ 
c -s [A'31 
u 
A 
= w w 
s c 
f 
B 
Cw'CosOw , s^=sine^ . (10) 
L /wj I w w; I IJ J 
From (9) and (10) we see that the angle 0^ (the Weinberg 
angle) is related to the couplings by cos(%)=g/(g^+g'2)1/2 
and experimentally sin^(e^)=o.230. For the field A^ to have 
correct couplings to fermions the couplings g and g' must be 
related to the charge of the electron Qg—=-e by e=gsine^ and 
e=g'cos0^. With the above definitions we can define the 
parameter psM^/tMgCos&w) with pgM=1.0. The experimentally 
determined range for this parameter is^ p=l.006+0.008 in good 
agreement with the SM prediction. Since by construction the 
vacuum preserves U(l)gm the photon should remain massless 
after spontaneous symmetry breaking and we see this explicitly 
in the above. 
The mechanism of spontaneous symmetry breaking also 
produces masses for the fermions. Explicitly we write the 
Y u k a w a  m a s s  t e r m  f o r ,  s a y ,  t h e  0 = - ! q u a r k s  a s  
12 
L 
YUK ( 1 1 )  
The mass terms for leptons and Q=+2/3 quarks have a similar 
structure. The coupling matrix M^j is in general not 
hermitian. However, this mass matrix can always be brought to 
a diagonal form by a bi-unitary transformation, that is, 
MD=S+MT where Mg is diagonal and S and T are unitary. Thus 
the relationship between the weak and mass (*(/) 
eigenstates is given by 
and 
The coupling of fermions to the physical gauge bosons can 
be obtained from (4), (8), and (10). In terms of physical 
gauge fields the charged current interaction is 
so that 
(*LS)(S+MT)(T+*°)= *^"0* 
l"D^R • (12) 
^cc ^2 
J (W~)'" + H.c. 
(13) 
Rotating the fermion weak eigenstates to mass eigenstates jO 
becomes 
(14) 
13 
The fermion mixing matrices are given by 
®+2/3®-l/3 ®0®-l (15) 
where the subscript represents the charge of the fermions 
associated with S. Now since in the SM there are no 
right-handed neutrinos, these particles are necessarily 
massless. Thus the choice of the transformation Sg is 
arbitrary. For simplicity we can choose to rotate so that 
®0®®-l therefore (where I is the identity matrix). 
For the quarks we cannot "rotate away" the matrix since 
all of the quarks have mass. This matrix is known as the 
[AKobayashi-Maskawa (KM) mixing matrix^ and can be 
parameterized by 
^KM^ 
61 = 3 
~®1=2 =1 = 2'^3~®2®3® 
S1S3 
=1=263+62=3*'* 
^1^2 =1®2 = 3"'"=263® =1®263"=2 = 3® 
(16) 
where ci=cos0i, si=sin0i and S is an arbitrary phase. By 
choosing the signs of the quark fields appropriately the 
angles can be restricted to lie in the ranges 0<8i<R/2 and 
In the literature there have been several other 
parameterizations proposed for this matrix.10 In this work we 
will exclusively use the KM parameterization. 
14 
CP Violation 
In the quark model the states K'^(ds) and K®(3[s) are CP 
(charge-conjugation parity) conjugate states related by 
I k''>=CP |K®>. With respect to the (flavor conserving) strong 
interactions K^and K*' are distinct particles. However, since 
the weak interactions allow flavor (strangeness) changing 
interactions these two states mix. Assuming CP is conserved 
the proper states to use in studying Kaon decays are the CP 
eigenstates 
K.= -= (|K°> + |K°>) CP= 1 
^ /2 
K,= — (|K°> - |K®>) CP= -1. (17) 
/2 
must decay to 2ii's (CP(2ii)=l) and K2^3n. These two decays 
are distinguished by their lifetimes with being the shorter 
lived state due to simple phase space suppression. In 1964 it 
was discovered!! that a very small percentage of the long-
lived K-decays were to 2n/s implying CP violation. Since CP 
is not conserved the physical states are not and K2 but the 
linear combination KL (K-long) and Kg (K-short) defined by 
|K >= -= ^ [ (1+E)|K°> + (l-E)|K°>] 
® /2(1+| 
| K _ > =  —  5- 1 / ,  [  ( l  +  e ) | K ° >  -  ( 1 - 8 ) | K ° > ]  .  ( 1 8 )  
^ /2(l+|G|2)l/2 
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Here e is an a priori undetermined complex mixing parameter, 
however, since CP is conserved, to a good approximation, one 
should expect that e is small in magnitude. It is useful to 
introduce a parameter e' defined by 
e's l//2<iirt(I=2) |H^| Kj^>/<ixii( 1=0) |H^|Kg> 
where I is the strong isospin of the 2n final state. (The 
decay to two n's with 1=1 is forbidden by Bose statistics.) 
is that part of the effective weak Hamiltonian responsible 
for I AS 1=1 transitions. The experimentally measurable 
quantities are essentially the ratios 
H^_s<ii+it"|H^|Kj^>/<n'^n~|H^|Kg>= e+e' (19) 
and 
hQQ3<ii°ii°|H^|Kj^>/<ii°ii°|H^|Kg>= e-2e' (20) 
with the current experimental values^ 
|n+_|= (2.275±0.021)xl0"3 (21) 
|hool= (2.299+0.036)xl0"^. (22) 
Note that the near equality of | | and jliool implies that 
|eVe|<<l. Usually what is calculated in weak interaction 
models are the more fundamental quantities e and e'/e instead 
of and )ioO' We will postpone further discussion of the 
calculation of these parameters until Section III. 
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STRONG INTERACTIONS 
Quark Model 
In order to explain the large number of hadronic states 
the flavor-SU(3) quark model was proposed.12 This theory 
assumes that the three quarks qi= u, d, or s are in a triplet 
of SU(3)p and that mesons and baryons are simply qq and qqq 
bound states. The flavor SU(3) quark model works well in 
describing hadron spectroscopy. Also, through deep inelastic 
experiments it was confirmed that the proton is composite 
consisting of spin 1/2 charged constituents.13 However, there 
are a number of problems with this model. Consider the 
baryon which is composed of three s-quarks. Since the quarks 
are in the ground state and the has spin-3/2 the overall 
wavefunction is symmetric under interchange of two quarks in 
direct violation of Fermi-statistics. This problem was 
resolved by the introduction of a new degree of freedom 
(color). By allowing each quark to come in one of three 
colors the wavefunction could be made antisymmetric in the 
color variable. The introduction of color also provided an 
explanation to two other outstanding problems. The calculated 
rate for the process n®-»YY was increased by a factor of nine 
bringing it into accord with the measured value. Also, the 
ratio R=G(e+e"4^adrons)/a(e+e"^p+p") which was predicted to be 
a factor of three to small was now in agreement with 
experiment. Even though the introduction of color solved 
17 
these problems it appeared to be an ad hoc solution. With the 
formulation of Quantum Chromodynamics (QCD) color became a 
dynamical quantity rather than just an arbitrary extra degree 
of freedom. This theory of QCD will be our next topic of 
discussion. 
Quantum Chromodynamics 
QCD is a non-Abelian theory based on the color group 
SU(3)c: each quark flavor comes in one of three "colors". It 
is postulated that free color cannot exist (the confinement 
hypothesis) and that all hadrons are color singlets. This 
"explains", e.g., why qq states cannot form which is in 
agreement with observation. The QCD Lagrangian is given by 
1 8 
- H 
4 a=l 
LQCD= - + iE q DpY^Q q=u, d, s, ... (23) 
with 
and 
6 
where gg, f®^°, X®/2, and are the SU(3) coupling constant, 
structure constants, generators, and gauge fields 
respectively. A very important property of QCD is that the 
strength of the interaction decre^"'^': ? higher energy regimes 
18 
are probed. In order to see how this happens we first need to 
briefly discuss the process of renormalization. 
It is well known that when diagrams are calculated which 
are higher order in perturbation theory that divergent 
integrals arise. In a renormalizable theory these 
"infinities" can be eliminated via redefinitions through the 
process of renormalization. The first step in this procedure 
is to cast the divergent terms in a tractable form through 
regularization. There are different methods of regularization 
but a particularly useful one is that of dimensional 
regularization.14 in this procedure the divergent integrals 
are evaluated in an arbitrary number of spacetime dimensions 
n. Once these integrals are calculated the limit n-*4 can be 
taken with terms having a pole at n=4 being separated out. 
Within a particular renormalization scheme (for example 
minimal-subtraction)these divergences can be handled in a 
way so that all measurable quantities are rendered finite. 
One consequence of this procedure is that one is left with an 
effective coupling constant g(/u). (Here // is a scale which is 
introduced in dimensional regularization as a mass unit /j^~^ 
so that the coupling g remains dimensionless in n-dimensions.) 
Thus, the strength of the interaction depends on the energy 
scale of the interaction; the coupling is said to "run" with 
energy. 
The QCD coupling constant gg is renormalized by vacuum 
polarization effects due to both yuaukb and gluons. Also the 
19 
renormalization process results in quark masses which run with 
the scale yu. In the modified-minimal-subtraction scheme^® 
(distinguished from minimal subtraction by an additional 
constant term being subtracted along with the pole) the 
renormalized coupling constant g(//) and renormalized masses 
mi(/u) are determined by 
d d 
—g(P)= p[g(/U)l and /U—M.(/U)= -Y[g(/U) Im. (//) . 
d/y d/y ^ ^ 
The (3- and y-functions are calculable in perturbation theory 
and are given by 
g' 
and 
9^ 9^ 6 
Y(g)=Yo—? - Yi 5-^ + 0(g ) 
^ (4nr)^ 
where the expressions for the coefficients are 
9o=ll - 3 Nf ' Y0=2 
^1=102 - i| Nj ; Yi= - T5 Nj 
Nf is the number of quark flavors. Solving these equations 
yields 
( / "  )  =  
g(/w)' 
4ii 
4ii 3- In L 
1- -i + 0 
. *0 L 
(In L) 2i 
(24) 
20 
2(3^YQ In L + 1 8YJ^ L 
m^{//)= 1 
2 
(25) 
with L=ln(/u/Apig)2. The above equations involve only one free 
parameter the QCD scale A^g as defined in the modified-
minimal-subtraction scheme. This parameter must be determined 
experimentally; the present limits are Ajîïs=75-300 MeV.17'18 
If Kg (m^) is known at some reference scale fjQ and Ajjg is 
specified then the value of «g (m^) can be obtained for any 
scale fj from the above equations. Before leaving this subject 
we should note that the coupling gg runs in such a way that 
for energy scales p>10 GeV the quarks behave as if they were 
almost free particles up to perturbative corrections (since ag 
is small in this energy regime). The decreasing of the 
strength of coupling constants with energy is known as 
asymptotic freedom^^ and is a characteristic of all non-
Abelian gauge theories resulting from the fact that (3o>0 (if 
Nf<17 in the case of QCD). 
21 
Table I. Some properties of elementary particles in the 
standard SU(3)xSU(2)xU(1) model. The weak isospin 
and hypercharge quantum numbers are those of the left 
handed fermions. The color values refer to the 
SU(3)c representations of the particles. 
Particle Symbol Charge 
Weak 
Isospin 
Weak 
Hypercharge Color 
electron neutrino 
^e 
0 +1/2 -1 1 
electron e -1 -1/2 -1 1 
up quark u +2/3 +1/2 1/3 3 
down quark d -1/3 -1/2 1/3 3 
muon neutrino 0 +1/2 -1 1 
muon fJ -1 -1/2 -1 1 
charm quark c + 2/3 +1/2 1/3 3 
strange quark s -1/3 -1/2 1/3 3 
tau neutrino 0 +1/2 -1 1 
tau T -1 —1/2 -1 1 
top quark t + 2/3 + 1/2 1/3 3 
bottom quark b -1/3 -1/2 1/3 3 
photon Y 0 0 0 1 
W boson w- ±1 ±1 0 1 
Z boson zO 0 0 0 1 
gluon G 0 0 0 8 
Higgs scalar H 0 + 1/2 -1 1 
22 
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O
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i  ftO^ i 
dOj sO cr
 o
 
L  k. J L L 
/ - f  "  
^e 
e /W T 
L < L r. 
4' ^R' ^R' 4 
®R' ^R' "^R 
Fig. 1. The three generations of fermions in terms of weak 
interaction SU(2)L representations. The index i 
labels the color of the quarks. 
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EXPLANATION OF THESIS FORMAT 
This thesis follows the Alternate Thesis Format which 
permits the inclusion of papers published by or submitted to 
scholarly journals. 
The works corresponding to Sections II and IV have been 
published in Physical Review D and the work corresponding to 
Section III has recently been submitted to this same journal. 
The author was actively involved in all phases of the research 
for these works from inception to completion. 
Dr. Thomas G. Rizzo was a coauthor on all of the included 
research. 
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SECTION II. 
A SYSTEMATIC ANALYSIS OF HERMITIAN QUARK MASS MATRICES 
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ABSTRACT 
In this section, we examine Hermitian quark mass matrices 
for three generations and the Kobayashi-Maskawa mixing 
matrices which they produce. Our investigation is limited to 
mass matrices which depend on only three parameters. We find 
that the Fritzsch mass matrix is the unique matrix consisting 
of five nonzero elements. Then proceeding to classify 
physically distinct mass matrices having six or seven nonzero 
elements, we find that several produce mixing matrices that 
are in good agreement with experimental constraints. 
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INTRODUCTION 
Despite the many successful predictions of the Standard 
Modell it does not appear to be the complete theory of 
particle physics. In particular, the Standard Model (SM) does 
not explain the generation problem. That is, it does not 
predict the quark masses, the charged current mixing matrix, 
or the number of families. 
To account for the observed mixing, the quark mass sector 
of the Lagrangian is usually written as 
( 1 )  
where 
U 
\<] |d°l 
c and D°= s 
.t°. .b° 
are weak eigenstates and the matrices are 3x3 nondiagonal 
matrices which are generated by spontaneous symmetry breaking. 
In terms of mass eigenstates, U and D, we have 
_ ' _ ' 
V "LVr + °LVR + H'C'' ( 2 )  
where M is a diagonal matrix. In rotating the weak 
eigenstates to mass eigenstates we generate the Kobayashi-
Maskawa^ matrix (%%%) in the charged current sector. In terms 
of weak eigenstates the charged current is 
.o 
Jcc= Û°Y^(1-Y5)D^ , (3) 
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while in terms of mass eigenstates 
So, we see that knowing the form of the mass matrix, for both 
the charge -1/3 and +2/3 quarks, is crucial in determining the 
charged current mixing matrix. 
A particularly interesting form of the mass matrix is that 
proposed by Fritzsch;^ 
0 Ael«l 0 
Ael*2 0 Beifl (5) 
0 Be' h  C 
This matrix is not necessarily Hermitian, but, here we will 
only consider ai=-a2 and Pi=-P2' Analysis of this mass matrix 
has generated a large amount of interest in the literature.4 
This leads one to ask how well does the Fritzch matrix, Mp, 
agree with experiment and are there other matrices which work 
just as well? 
Ideally one would like to understand fermion masses and 
mixings at a fundamental level, however, at present there is 
little understanding of this sector of the SM. To gain 
insight into this sector it would be useful to know what types 
of mass matrices produce mixings that are in agreement with 
experiment. Once the possible matrices are known one could 
then proceed to explain their origin via horizontal 
symmetries, compositeness, etc. A completely general analysis 
of all possible mass matrices would be an enormous 
undertaking. In this section we limit ourselves to a less 
formidable problem and perform a systematic analysis of 
Hermitian mass matrices. Note that any mass matrix M can be 
written as the product of a Hermitian matrix and a unitary 
matrix M=HV. In the SM the matrix V can be absorbed by the 
right handed fields since the fermion-gauge boson couplings 
are exclusively left handed (Appendix B). we find that the 
present limits on quark masses and mixings greatly restricts 
the allowed set of matrices. 
The outline of this section is as follows. We begin by 
explaining our method of classification of the Hermitian mass 
matrices. We then describe the general method of analysis of 
these matrices and also summarize the experimental constraints 
used in our analysis. Finally we present our results which 
are followed by our conclusions. 
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CLASSIFICATION OF HERMITIAN MASS MATRICES 
The most general Hermitian mass matrix is given by 
Q
 
+
1 AEI« 
CO
.
 •
H 
0) CO 
M = AE-1« ±E CE^Y 9 
• BE-IF CE'^Y ±F -
where A, B, ...,F>0. (6) 
To determine V^M we must obtain expressions for the matrices 
which diagonalize My and Mj. By rotating the quark fields we 
can transform the complex mass matrices M^^d into real 
symmetric matrices These real symmetric matrices can 
then be diagonalized by an orthogonal transformation. The 
mass matrices considered in this section can always be 
converted to a real matrix in this way, although it should be 
noted that this is not always possible for some arbitrary 
Hermitian matrix. Since the diagonalized matrix consists of 
three independent quark masses we will assume that M will only 
depend on three independent parameters (along with 
corresponding phases). This assumption allows us to solve for 
the parameters in Mj^ in terms of quark masses. This procedure 
is carried out in detail, for a specific case, in Appendix A. 
Since we can eliminate the phases in M by a phase 
transformation we will only need to consider real symmetric 
matrices in our classification scheme. We have classified the 
matrices M based on the number of zero elements they contain. 
A quick inspection allows one to conclude that matrices with 
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more than four zeros will always have one decoupled 
generation, that is, one generation will not mix with the 
other two; hence such cases are ruled out. So we turn to the 
four zero case. 
In Table I we have grouped all real symmetric matrices 
with four zeros which contain only the parameters A, B, and C. 
Each individual grouping (a), (b), (c) ... contains matrices 
with equivalent off diagonal elements but with diagonal 
elements which have been permuted, for example, group (a) 
contains three matrices 
( al ) = 
(aS) = 
0 A 0 1 
A 0 B 
L 0 B C J 
r C A 0 
A O S  
L 0 B 0 J 
(a2) 
0 A 0 
A C B 
0 B 0 
(7) 
Groups (d) - (i) can immediately be eliminated since they have 
one generation which is completely decoupled. Apparently this 
leaves us with nine distinct mass matrices. However, it is 
straightforward to show that under quark relabeling symmetry 
the magnitude of the elements of is invariant. In other 
words, two mass matrices and M2 produce the same 1%%%! if 
Mi=P'^ijM2Pij where P^j is an element of the permutation group 
of three objects. Applying this symmetry to the matrices in 
Table I we see, for example, a(l) and b(l) are related by q^-
q2 interchange; 
(al) = Pi2(bl)Pi2 ( 8 )  
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It is easy to show that group (b) transforms to (a) under P12 
and (c) transforms to (a) under P23. Also, (a3) transforms to 
(al) via Pi3 and det(a2)=0, therefore, (al) is the physically 
unique matrix having four zeros. This analysis shows that the 
Fritzsch matrix is the unique Hermitian matrix of four or more 
zeros. We next turn to the case of matrices with less than 
four zero elements. 
One can analyze the three zero and two zero cases as 
above. In Tables II and III we have tabulated all physically 
inequivalent matrices of three and two zeros respectively. We 
see as the number of zeros decreases the number of distinct 
matrices rapidly grows. The mass matrices have been written 
in a form where they most closely resemble the Fritzsch form. 
We have not attempted to classify matrices with less than two 
zeros. 
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NUMERICAL ANALYSIS OF THE MATRICES 
In Appendix A we review the manipulations involved in 
obtaining from M^ and Mj. The main result is given by 
VgM = 0*S+S 0 = 0+ 
10 0 
0 e^"^ 0 
0 0 
(9) 
where S (S) is the matrix which eliminates the phases in M^ 
(Mj) and 0 (0) is the matrix which diagonalizes the real 
symmetric form of My (Mj). The phases a and T are functions 
of the unknown phases a, (3, and y in (6); therefore, a and T 
may take on any value in the range 0-2n. In principle one 
could obtain an analytic expression for 7%%, but this would be 
quite tedious and probably not very enlightening. We proceed 
by numerically analyzing the matrices of Table II (the 
matrices of Table III will be analyzed in a future work^). 
The allowed quark mass values are given in (10) (Ref. 6). 
These masses are the running masses of the quarks renormalized 
in the modified-minimal-subtraction scheme (Ai;fs=100 MeV) at a 
scale f j=l  GeV. 
m^=(5.1 ± 1.5)MeV , m^=(1.35 ± 0.05)GeV , 
m^=(8.9 ± 2.6)MeV , mj^=(5.3 ± 0.1)GeV , (10) 
mg=(175. ± 55.0)MeV . 
In our analysis we also assume that m^tl GeV)= 40, 60, or 80 
GeV, which, as we will see in the next section, translate into 
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"physical" masses of m^Pe 28, 38, and 49 GeV, respectively. 
With recent measurements of the b lifetime? the elements 
of VKM are quite constrained. We will use two different sets 
of constraints in our analysis: a "loose" set of constraints® 
and the most recent "tight" constraints.9 The constraints on 
that we will use are 
Loose Tight 
0.970 < |Vyj| < 0.977 0.9737 < |v^^| < 0.9757 
0.210 < jVygl < 0.240 0.218 < < 0.222 (11) 
0.030 < jv^bl < 0.080 0.035 < jv^yl < 0.049 
and for both sets we use jVybl/IVcbl < 0.20. Of course the 
mixing matrix must be unitary so these constraints also limit 
other elements. 
In order to determine which matrices of Table II produce 
reasonable mixing matrices we employ the following strategy. 
We choose for the quark masses the central values in (10) and 
then require that the mixing matrix which is produced 
satisfies the loose constraints of (11). This allows us to 
rule out several matrices and therefore limit our full 
analysis to only matrices which agree reasonably well with the 
constraints in (10) and (11). We will come back to those 
matrices not passing the minimal constraints in later in this 
section. For matrices passing the minimal constraints we 
perform the following analysis. We allow the u-, d-, and 
s-quark masses to run over the full range in (10). We choose 
step sizes of 0.1 Mev for the u and d quarks and 2.5 Mev for 
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the s quark; steps of size = 1% of the central mass value. 
For the heavy quarks we simply take mc=1.35 GeV, my=5.3 GeV, 
and mt=40, 60, or 80 GeV. To determine the amount of CP 
violation due to the complex phase in the mixing matrices we 
could pick some parameterization for and then determine 
the value of the CP violating phase. Since there is still 
much debate in the literature^® over which parameterization of 
the Kobayashi-Maskawa matrix best elucidates its CP properties 
we will take a parameterization independent approach. 
Recently the quantity 
J = im IVijVkiVkjV*!» (12) 
was introduced as a parameterization independent measure of CP 
nonconservation;!! values of J for the matrices of Table II 
have been included in our results. 
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RESULTS 
The results of our calculations are presented in Tables 
IV-VI and Figs. 1-15. 
In Figs. 1-15 we display the allowed regions of a-x space. 
The larger region is the region allowed by the tight 
constraints when varying over the light quark mass ranges. 
The very tiny region, either a point or a line, is the region 
allowed by the tight constraints and only the central quark 
mass values in (10). 
In Tables IV-VI we exhibit the maximum and minimum values 
for various elements of Vj^m. These ranges are the result of 
inputting into the mass matrices the central mass values in 
(10) for the heavy quarks and the full range of values for the 
light quarks, running over a and T, and then applying the 
tight constraints to the V^^ produced by these mass matrices. 
We have not included |Vii| since, for all cases, the 
maximum-minimum range was simply that of the tight 
constraints. It is important to realize that for a particular 
mixing matrix (a fixed a and T) the elements are correlated by 
the constraint that V^M be unitary. Thus, for example, a 
particular mixing matrix, say, «^1 » t^I ) » will have elements 
with values lying somewhere in the ranges given in the tables. 
However, since V^jj is unitary it will not have all of its 
elements being either maximum (or minimum). In the tables we 
have also included |j| as a measure of CP nonconservation. It 
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turns out that in the figures there are two regions with 
equivalent %%%, one having j=+|j| and the other having j=-|j(. 
Our results are divided into two sections corresponding to 
matrices that satisfy the minimal constraints and those that 
do not. 
Matrices Satisfying the Minimal Constraints 
Using the central values in (10) and mt=40, 60, or 80 GeV 
the following matrices (see Table II) satisfy the minimal 
loose constraints: Mp, M^, MgfAi), Mg(A2), Mg(A3), Mg(A2), 
and Mg(A3). The A^ labeling used in M5, Mg, and Mg 
corresponds to different roots of the cubic equation which 
determines A as a function of quark masses (see Appendix A). 
Therefore, for example, the elements of Mg(A2) do not have the 
same numerical value as the elements of Mg(A3). Upon 
performing our full analysis we find that all of these 
matrices produce which also satisfy the tight constraints. 
So, we have found four new matrices (six which are numerically 
distinct) which satisfy our tight constraints and hence agree 
with present experimental limits. 
From a quick inspection of Figs. 1-15 we see that the 
matrices Mp, Mg(A3), Mg(A2), and Mg(A3) have fairly large 
allowed regions whereas for M^, MgCAi), and Mg(A2) the allowed 
ff-T parameter space is very small. The size of the M^, 
MgfAi), and Mg(A2) regions are effectively m^- independent; 
thus, for these three matrices the allowed regions for 
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different are all displayed on a single graph. For mt=40 
GeV we see that Mp, MgCAg), Mg(A2)/ and MgfAg) have fairly 
large parameter spaces. As m^. increases these parameter 
spaces tend to grow so that for mt=80 GeV the allowed a-r 
regions are maximum. The exception to this is MgtAg) which 
actually has its smallest allowed region for mt=60 GeV; 
however, the region for mt=80 GeV is still larger than for 
mt=40 GeV. We see that for all matrices the regions where the 
u, d, and s are fixed to their central values are exceedingly 
small; hence, if the uncertainties in these light quark masses 
are decreased, these allowed regions may shrink substantially. 
In Tables IV-VI we see that all matrices are able to 
accommodate 0.219<|V12^0•222. Also, many of the matrices are 
able to accommodate the full range of IV23I allowed by the 
tight constraints. The quantities IV13I/IV23I and |j|, the 
last two columns of these tables, may prove to be quite 
important in determining which (if any) of these matrices are 
correct. For example, the matrix MgtAg) clearly has the 
largest a-x parameter space but can only accommodate fairly 
narrow ranges for ||/|V23| and |j|. These ranges, which 
are essentially independent of m^-, are 0.05 < IV13I/IV23I < 
0.08 and 1.28x10"^ < J < 3.94x10"^; thus producing definite 
predictions for this matrix. For Mp, Mg(A2), and Mg(A3) the 
results are somewhat dependent on Also, for these three 
matrices the ranges are quite similar, therefore, it may be 
difficult to distinguish between them. Despite the extremely 
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small a-x parameter spaces for , MgfAi), and Mg(A2), the 
ranges which they produce are quite large. This shows that 
these matrices are fairly sensitive to deviations in the light 
quark masses, a, and T. 
Matrices Not Satisfying the Minimal Constraints 
Using the strategy outlined in above we eliminated the 
matrices M2, M3, M4, M7, Mg, and Mig. We now take a second 
look at these matrices to see if any of them come close to 
working. 
The matrix M2 is ruled out since in looking at the 
invariants (t, S, and C2) of the matrix one arrives at the 
condition 
(t/2)3+ ( t C ^ / 2 )  + 5 = 0  
which is not consistent with the quark masses. 
Next we turn our attention to M3. For mt=40-80 GeV and 
central values for the other quark masses, this matrix 
produces |V23|=0.4•10"^ which is in clear disagreement with 
experiment. Apparently this element is insensitive to 
variations in m^. over this range. Assuming that the mass 
values of the other quarks are restricted to lie in the ranges 
in (10), one would not expect that varying these masses would 
produce |V23l~0.05; therefore, one can safely rule this matrix 
out. The equations for M4 lead to two cases M4(A2) and 
M4(A3). M4(A2) clearly fails in the V12 element, yielding 
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|Vi2l=0'04, while fails miserably with |Vi3|=|V23| and 
|Vi21=^0.16. Thus, we can eliminate M4 from further 
consideration. My can also be eliminated since it predicts 
IVi31/IV23I=4.0-7.0. The next matrix we will examine is M^o* 
This matrix passes all constraints except for the V23 
constraint, producing values in the range |V23|=0.005-0.008. 
Since this element is not notably sensitive to variations in 
m^ this matrix can probably be eliminated. We now examine Mg. 
Mg satisfied all of the loose constraints except for 
|Vi3|/|V23| < 0.2. For mt=40 GeV this matrix produces 
I Vis|/1V23I=0.3, while for mt=50 GeV |V13|/1V23|=0.25 ; this is 
the best fit of the minimal constraints for Mg. Since this 
matrix nearly satisfies the loose constraints when the central 
values in (10) are chosen, it may be that for some set of 
masses the tight constraints are satisfied. As a test of our 
strategy we performed our full analysis on this matrix also. 
We found that for mt=40, 50, 60 , 70, or 80 GeV and the ranges 
in (10) this matrix could not satisfy the tight constraints. 
Certainly it is possible that the quark masses (especially the 
unknown t-quark) may be fine tuned in a way such that the 
tight constraints are satisfied, but this is somewhat 
unnatural. In conclusion, it is fairly safe to say that the 
above matrices are ruled out by present experimental limits on 
VRM-
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CONCLUSIONS 
We have performed a systematic analysis of three 
generation Hermitian quark mass matrices having three or more 
zeros. We have shown that for matrices with only three 
parameters (A, B, C) and four zero elements that the Fritzsch 
matrix is the unique mass matrix. Of the very large number of 
matrices with three zeros we have shown that only a few are 
physically distinct. Several of these matrices agree with 
experiment as well as the Fritzsch ansatz. New experimental 
limits on CP violation parameters, the ratio IV13I/IV23I, and 
the t-quark mass will greatly facilitate a choice of the 
proper mass matrix. Also, there is a great deal of 
theoretical uncertainty in the calculation of CP violating 
effects. We find that the quantity J is clearly very useful 
in determining the CP violating properties of quark mixing 
matrices. Better limits on this quantity would greatly 
restrict the allowed set of matrices. 
The generation puzzle is clearly one of the outstanding 
problems of particle physics. The solution of this problem 
will most certainly require a fundamental change in the 
present SM either via compositeness, horizontal symmetries, 
technicolor, superstring physics, etc. Much more work is 
clearly needed in understanding the generation problem and 
quark mixing. 
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APPENDIX A 
In this appendix we will review the manipulations involved 
in obtaining as a function of quark masses. To help 
clarify the procedure we will look at a specific case. 
Consider the matrix Mg, 
ia „ 
M, 
0 
A( 
0 
Ae" 
e +A Be 
Be'^G +C 
i(3 [ A D  
where A, B, C > 0. In terms of weak eigenstates = U®, 
in (1) the quark mass term is given by 
^m = + H.c. 
We can eliminate the phases in (Al) by the transformation 
(MglR = 
(A2) 
(A3) 
which in matrix form is 
("g'R = 
0 A 0 
A ±A B 
L 0 B ±C 
[A4) 
10 0 0 Ae 
= 0 e^*! 0 Ae"^" ±A 
. 0 0 ei*2 . .0 Be 
l a  
Be 
+C 
ip 
re-i+3 
0 
0 
e-+4 
0 
0 
0 e-i+5 
So that all of the elements of (Mg)^ are real, we have chosen 
the *i's to be 
*1 " *4 " * ' *2 " *5 " * * ^  ' *3 " ^  (AS) 
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This transformation redefines the phases of the quark fields 
as follows: 
1 0  . 0  
^2 = 0 e^*! 0 92 
L 
0 0 ei*2 [9? J 
( A 6 )  
and 
9% 
ei*3 0 
0 
0 
ei+4 0 
ei+5 
The mass term (A2) becomes 
"m = [ 9° ]' (Mglp [ 4 ]'• 
9° 
92 
( A 7 )  
We can diagonalize the matrix by performing an orthogonal 
transformation 
M' = O+MRO, (A8) 
where m' = diag (X^, X2, X3) and the X^ = fm^ or -m^. 
This transformation changes the fields in (A6) to 
9l = (9%)'° ' qR = 0+(qR)'. 
So under the transformations (A3) and (A8) we have 
+ 5° M D% n'Ug + Dj, S'DJ. 
(A9) 
( A l O )  
In the charged current sector we have 
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"oc- "Zy'DZ ("L''sy St,(D°)'-. ÛL[ OXv"§[,8]D, 
Now if we define 
(All) 
T=^ =»a-a+P-3, (A12) 
then 
^KM= 0 
ro 
0 
Lo 
0 0 
e- 0 
0 IT 
(A13) 
How does one determine 0? We know that under a unitary 
transformation a 3x3 matrix has three invariants: the trace 
(t), determinant (5), and the second-order invariant (C2). 
For a symmetric matrix of the form 
M = 
A B C 1 
B D E 
. C E F J 
(A14) 
these invariants are given by 
t = A + D + F, 
5 = ADF + 2BEC - AE^ - DC^ - FB^, 
C2= -(AD + DF + FA) + B2 + C2 + E2. 
For the case at hand we can use the fact that these invariants 
are equal for Mg and Mg; we arrive at the set of equations 
t = A + C = + X2 + X3, 
5 = -CA^ = X1X2X3, (Al5) 
C2= -AC + A^ + B^ = -(X1X2 + X2X3 + XgX^), 
Solving for A, B, and C we find 
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a3 _ tA^ - 5 =0, 
B2 = C2 + tA - 2A2 
C = t - A. (Al6c) 
(Al6b) 
(Al6a) 
We see that the cubic equation in (Al6a) will lead to three 
roots. Substituting the central mass values in (10) we obtain 
the roots (for example, for the down quarks with X2 = -m2 and 
= +mi,3) 
Ai = 5134 GeV, 
A2 = 40.26 GeV, (A17) 
A3 =-39.94 GeV. 
The root A^ produces B2<0, so it is discarded. Hence, we end 
up with two cases Mg(A2) and MgfAg) (see Table II). Now that 
M has been determined numerically it is straightforward to 
determine (numerically) the matrix 0 which diagonalizes M. 
Given 0 and Ô we can allow a and x to run over the range 
0-2%, thus obtaining the allowed V^M for the case Mg. The 
analysis for all other cases follows analogously. 
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APPENDIX B 
In this appendix we elaborate on our claim that within the 
SM any mass matrix can be rotated to a Hermitian matrix 
without changing the weak interaction couplings. Our proof 
follows that of Cheng and Li (Ref. 1). 
For any matrix M the product MM'*' is trivially Hermitian. 
Any Hermitian matrix can be diagonalized by a unitary 
transformation S 
S+(MM+)S=Mj (Bl) 
with 
Mj=diag(m^, m^, m^). 
The matrix S is unique up to a diagonal phase matrix 
F=diag(e^°', e^^, e^^), thus, 
(SF)+(MM+)(SF)=M2 . (B3) 
Assuming H is non-singular define 
HsSMjS* and VsH'^M ; (B4) 
note that H is trivially Hermitian from its definition. Then 
V is unitary since 
=H~^SM^S''"H"^ (by (Bl)) 
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=H"^hhh~^ =1, 
where we have used the fact that H is Hermitian. By the 
definitions of H and V in (B4) we have HV-M or HVV+=MV+=H 
and therefore 
S+HS=S+MV+S=Md (B5) 
thus implying 
S+MT=Md (B6) 
with TaV+S also unitary. The relation between gauge and mass 
eigenstates is 
*°M*0=(4^S)(S+MT)(T+*°) (B7) 
with and ^^0=T*R . 
Since the right handed fields do not couple to W's the 
transformation T does not effect measureable quantities. 
Thus, in the standard model, for any mass matrix M, we have 
S+MT=S+HVT=S+HVV+S=S+HS . 
Therefore we can always write M as a Hermitian mass matrix 
without any loss of generality. 
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Table I. Real symmetric matrices with four zero elements 
(a) = 
0 A 0 
A 0 B 
0 B C 
(b) 
0 A B 
A 0 0 
B 0 C 
( C )  
0 0 A 
0 0 B 
A B C  
(d) 
B A 
A B 
0 0 
0 
0 
C 
(e) 
B 
0 
A 
0 
B 
0 
A 
0 
C 
(f) 
0 0 
B A 
A C 
(g) = 
A A 
A B 
0 0 
0 
0 
C 
(h) = 
A 
0 
A 
0 
B 
0 
A 
0 
C 
(i) 
A 
0 
0 
0 
A 
C 
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Table II. Real symmetric matrices with three zero elements 
M, 
0 A 0 
A C B 
0 B C 
M. 
C A O  
A 0 B 
0 B C 
M. 
B A 0 
A 0 A 
0 A C 
& = 
My = 
A 
A 
0 
C 
A 
0 
0 
B 
C 
0 
B 
A 
Mr 
A A 0 • C A O  
A C B A A B 
0 B 0 . 0 . 0 B 0 
0 A 0 • • 0 A 0 
A C B MQ = A A B 
0 B A . 7 . 0 B C 
"io= 
0 A 0 
A B A  
0 A C 
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Table III. Real symmetric matrices with two zero elements 
Ni = 
N4 = 
N. 
^10 = 
N 13 
A A 0 
A B A  
0 A C 
0 
A 
B 
B 
A 
0 
N, 
Ng = 
C A O  
A A A  
G A B  
B A G  
A B A  
0 A C 
• A A 0 • A A 0 
A A B "8 = A C B 
. 0 B C . . 0 B A 
• A A G • • B A G 
A B B Nii = A C B 
. 0 B c . . 0 B A 
• A A 0 • • A A B 
A C B "14 = A 0 C 
. 0 B B . B C G 
N. 
^6 = 
Nr 
N 
12" 
N 15 
0 A B 
A 0 A 
B A C 
B A G 
A C A 
G A B 
C A 0 
A A B 
0 B A 
B A G 
A A B 
G B C 
0 
A 
B 
"16 = 
A B G • • A A G • • c A G • 
B A C "17 = A C B 
11 CO t—
1 2
 A A B 
0 C A . L 0 B C . 
11 CO t—
1 2
 
. G B C . 
Ni9 = 
C A G 
A C B 
G B A . 
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Table IV. Maximum and minimum values for various elements 
of Also included is the ratio IV13I/IV23I 
and |j|. These ranges were obtained by running 
over light quark masses, a, and x and then 
applying the tight constraints for mt=40 GeV. 
M VggtlO'Z) Vj^gdO"^) Vlg/Vgg J(10"^) 
M„ 3.50-4.90 0.61-5.24 0.017-0.12 0.46-5.48 
4.66-4 .77 2.56-9.32 0.054-0.20 2.54-9.36 
MgfAi) 4.67-4.85 2.35-9.35 0.048-0.20 2.34-9.42 
MgfAg) 4.70-4.85 2.91-9.39 0.060-0.20 2.44-9.51 
MgfAg) 3.50-4.90 1.73-3.75 0.049-0.080 1.28-3.94 
MgfAg) 3.50-4.90 0.65-5.19 0.018-0.12 0.47-5.38 
MgfAg) 3.50-4.90 0.86-5.14 0.023-0.12 0.62-5.28 
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Table V. Maximum and minimum values for various elements of 
Also included is the ratio IV13I/IV23I and 
|j|. These ranges were obtained by running over 
light quark masses, a, and T and then applying the 
tight constraints for mt=60 GeV. 
M VggflO-Z) VigflO'S) JdO"^) 
Mp 3.50-4.90 0.95-4.70 0.027-0.097 0.72-4.76 
M^ 4.66-4.77 2.57-9.33 0.054-0.20 2.60-9.37 
3.50-4.90 2.36-9.40 0.050-0.20 2.38-9.40 
MgfAg) 4.66-4.90 2.79-9.36 0.059-0.20 2.82-9.42 
MgtAg) 3.50-4.90 1.74-3.65 0.050-0.078 1.29-3.84 
MgfAg) 3.50-4.90 1.05-4.26 0.030-0.087 0.80-4.28 
MgfAg) 3.50-4.90 1.02-4.83 0.028-0.11 0.73-5.06 
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Table VI. Maximum and minimum values for various elements 
of VKPJ. Also included is the ratio IV13I/IV23I 
and |j|. These ranges were obtained by running 
over light quark masses, c, and T and then 
applying the tight constraints for mt=80 GeV. 
n V23(10-2) VJJDO-^ V13/V23 J(10~^) 
»F 3.50-4.90 1.26-3.98 0.036-0.083 0.96-4.03 
"1 4.66-4.77 2.60-9.33 0.055-0.20 2.61-9.38 
3.50-4.90 2.37-9.66 0.050-0.20 2.40-9.65 
MS<A2) 3.50-4.90 2.85-9.51 0.060-0.20 2.79-9.77 
M6IA3I 3.50-4.90 1.77-3.60 0.050-0.077 1.30-3.80 
MGIAJ) 3.50-4.90 1.62-3.58 0.041-0.074 1.11-3.59 
MGTAGI 3.50-4.90 1.15-4.52 0.033-0.94 0.87-4.64 
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SECTION III. 
IMPLICATIONS OF CP VIOLATION, BO-BO MIXING, 
AND CHARMLESS B-DECAY CONSTRAINTS ON 
HERMITIAN QUARK MASS MATRICES 
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ABSTRACT 
In this section we continue our study of three generation 
Hermitian quark mass matrices. We impose constraints obtained 
from the CP violation parameter e,  mixing, and the 
recent observation of charmless B-decays. For these matrices 
we calculate values for e'/e and compare them to the current 
experimental limits. We find that the results from charmless 
B-decays effectively eliminates the Fritzsch scheme as a 
realistic three generation model. On the other hand, several 
of the other mass matrices examined are found to be in good 
agreement with the most recent experimental and theoretical 
limits. 
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INTRODUCTION 
The three generation Standard Model^ (SM) can account for 
a wide range of phenomena. Indeed, there is not a single 
piece of experimental data in conflict with its predictions. 
However, a common criticism of the SM is that it contains an 
exceedingly large number of unknown free parameters. A 
minimal counting yields at least eighteen a priori 
undetermined parameters. Certainly, it would be preferable to 
eliminate as many free parameters from the theory as possible. 
One scenario is to assume that the Kobayashi-Maskawa^ (KM) 
mixing matrix, whose elements we will denote by V^j, arises 
from a particular quark mass matrix. A mass matrix which is 
non-diagonal in the weak interaction basis, will, upon 
rotation of the fields, produce a unitary mixing matrix in the 
charged current sector, which may be identified as the KM 
matrix. Thus, if the charge +2/3 and -1/3 quark mass matrices 
are specified then the charged current mixing matrix is 
uniquely determined. 
A popular ansatz for the quark mass matrix is that 
proposed by Fritzsch.^ This scenario has been found to 
produce phenomenologically acceptable KM elements.4 it has 
been recently pointed out,5 however, that this form of the 
quark mass matrix has some difficulty accounting for the new 
results® from mixing. We corroborate this conclusion, 
and more importantly we will show that the limits placed on 
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the ratio IV^y/Vchl from the observation of charmless 
B-decays? appear to eliminate this scheme as a viable three 
generation model. In a search for alternatives to the 
Fritzsch scenario, we have previously completed an analysis of 
a very large class of Hermitian mass matrices.8 We found that 
several matrices are in good agreement with the present 
constraints on the magnitudes of the elements of the KM 
matrix. In this section, we continue our study of these mass 
matrices and extend our analysis to include the experimental 
constraints on the CP violation parameter e, the mixing 
parameter xj, and the ratio IVyb/Vcbl" We also discuss the 
relevance of recent limits on m^ and new data on the ratio 
e'/c to our results. 
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QUARK MASS MATRICES 
In terms of weak eigenstates the quark-mass sector of the 
SM can be written 
V "X"r + °2»d°R + H" c- ' (1) 
where U (D) is a column vector representing all charge +2/3 
(-1/3) quarks. The complex matrices M^^ and M^^j are the +2/3 
and -1/3 non-diagonal mass matrices, respectively. In this 
basis the charged current is 
J^c" û'^y^(1-Y5)D° . (2) 
In rotating the quark fields from the weak interaction basis 
to the physical basis (where M^ and M^ are diagonal) 
"^m^ Wr + Wr + C" (3) 
a unitary matrix, is generated in the charged current 
sector 
This process is carried out by first "rotating away" the 
complex phases in M^ to obtain the real matrix MR. For the 
matrices we will consider all of the phases in M® can be 
absorbed into the quark fields. (However, one should note 
that this is not always possible for a general Hermitian 
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matrix.) Once the real matrix MR is obtained it is 
straightforward to obtain M via an orthogonal transformation 
0. If 0^ (Ojj) is the orthogonal matrix which diagonalizes the 
real form of M®^ (M^^j), then, for the matrices considered 
here, the matrix is given by 
^KM = < 
10 0 
0 e^® 0 
0 0 eiT 
Od . (5) 
The details of this calculation can be found e l s e w h e r e .3'^,8 
The important point to remember is that the elements of 
are completely determined in terms of the quark masses and the 
two phases a and T. These two phases are related to the 
unknown phases existing in and are in general 
arbitrary. It may be that within a particular model these 
phases are fixed by the structure of the theory, such as by 
the Higgs sector. 
In our earlier work we classified all Hermitian mass 
matrices consisting of two or more zero elements and three 
complex parameters (A, B, and C). We have allowed only three 
parameters so that their respective magnitudes can be uniquely 
determined (at least numerically) in terms of quark masses. 
These magnitudes are calculated by using the three invariants 
obtained by expanding the eigenvalue equation det[M - Xl]=0, 
where the eigenvalues are the quark masses. For the case 
of three- and four-zero matrices we found® that only a few are 
capable of producing values of the KM matrix elements which 
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are consistent with direct experimental data. These mass 
matrices are shown in Table I. By employing the same analysis 
as we did for the three-zero case, we have recently found that 
only one type (see Table I) of two-zero matrix produces 
reasonable values for the KM elements. The matrices shown in 
Table I are the ones which will be further analyzed in this 
section. For a detailed account of the procedure used to 
arrive at these matrices the reader is referred to (Ref. 8). 
In order to calculate the elements of the KM matrix we 
need to insert proper values for the quark masses into our 
expressions for A, B, and C. The appropriate mass to insert 
into this calculation is the mass parameter which appears in 
the Lagrangian of the theory, the so called running mass 
In determining we use the running quark masses 
evaluated at the scale //=1 GeV^ 
m, =(5.1 + 1.5)MeV, mi =(1.35 + 0.05)GeV 
" c (6) 
m^=(Q.9 ± 2.6)MeV, mg=(175. ± 55.0)MeV, ^^=(5.3 ± 0.1)GeV 
m, m 
and — = 1.76 ± 0.13 , — = 19.6 ± 1.6 . 
% ("d 
These are the quark masses renormalized in the modified-
minimal-subtraction scheme with AMg=100 MeV. We leave the 
t-quark mass as a free parameter. 
At an arbitrary scale fj the running mass m(p) is given by 
(Ref. 9) 
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-2Yr 
m(p)= m 1 -
In L + 1 8Y, L 
2 
(7) 
where 
5 ., 
Î8 Nf 
00=11 - 3 Ng , Yo=2, 
*1-102 - Nf ' Yl= 
L=ln(//VA^—) . 
Here m is the renormalization group invariant mass and Nf is 
the number of quark flavors. In the calculation of physical 
processes the correct quark mass to use is the running mass 
evaluated at the scale p=m, m(^=m). So, in our calculations 
below the correct masses to use are m^fm^) and m(,(mc).l® 
There is yet one more definition of quark mass to consider, 
this is the "physical" mass. It is somewhat controversial 
exactly what is meant by the "physical" mass. The physical 
mass is taken to be M(-m2) where M is the Georgi-Politzerll 
mass function. In the Landau gauge M(p2=-m2) is related to 
the running mass m{/j=m) by 
M m(m) 1 + — — 21n2 
3 
a 
n 
- + 0<«s) ( 8 )  
Our future notation will be that m=m(p=m) and in particular 
the t-quark mass displayed in our figures is understood to be 
78 
ntf ( ntf ). If the reader prefers a different definition of the 
"physical" t-quark mass, such as that in (8), our results can 
be scaled appropriately. Next we will discuss some of the 
recent limits which have been placed on the mass of the 
t-quark. 
Even though there has not been a direct observation of the 
t-quark, one can still place limits on its mass through 
various indirect methods. From a comprehensive analysis of 
existing weak neutral current data it is possible to set an 
upper limit on m^t^^ mt<200 (180)GeV, at 90% C.L. assuming 
that the Higgs mass is less than 1 TeV (100 GeV). A stronger 
upper limit can be placed on from data^^ on the ratio of 
the widths of the W and Z b o s o n s .14,15 unfortunately, these 
limits are strongly dependent on which set of structure 
functions are used. Using the EHLQ^® structure functions m^ 
is unconstrained^^ (for three generations), however,choosing 
two different sets^^'^^ yield mt$62-66 GeV (ref. 14) and m^^GO 
GeV (ref. 15), both at 95% C.L.. Direct searches at PETRA 
yield the lower limit of mt>23 GeV.18 A model dependent lower 
limit has recently been announced by the UAl Collaboration^^: 
mt>45 GeV. However, using the Eurojet Monte Carlo this same 
data provides a stronger limit of mt>56 GeV. If the most 
restrictive of these limits are used then one is left with a 
very narrow range mt=56-60 GeV. In our analysis we will allow 
the whole range m|.=23-200 GeV. 
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CONSTRAINTS 
In this section we discuss the present experimental limits 
on the quark mixing sector of the three generation SM. 
Kobayashi-Maskawa Mixing Matrix 
The magnitude of the elements of the KM matrix are quite 
constrained. The present "best" values are^O 
|Vudl = 0.9748 ± 0.0010 |V^^| = 0.207 ± 0.024 
jVygl = 0.220 ± 0.002 jv^gl " 0.95 ± 0.14 (9) 
l^ub' < 0.012 Ur I _ n +0.006 IVcbl - 0 . 0 0 8  .  
There has been some very important recent results that provide 
further constraints on these elements. By determining the 
ratio r(b->ulv)/r(b->cl-y>) from semileptonic B decays an upper 
limit on the ratio IVu^/^cbl can be obtained. The 90% C.L. 
upper limits are given in Table 11.21 However, these limits 
are model dependent^^ go in our analysis we will be 
conservative and use the limit 
V 
ub 
cb 
< 0.20 . (10) 
Very recently charmless B-decays have been observed? resulting 
in the lower bound 
V. 
'ub 
V 
cb 
> 0.07 . ( 1 1 )  
Thus, equations (9), (10), and (11) taken together are the 
most recent constraints on the magnitudes of the KM elements 
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and we will use these in our analysis below. One should note 
that due to the unitarity of the KM matrix, the other elements 
which are not directly measured are also constrained. 
CP Violation Parameters e and e'/s 
The main contribution to the CP-violation parameter e 
arises from the box-diagrams shown in Fig. 1.23 The result is 
e = 
12j2nr6M 
I m  
L , S  
O 
^ Xi X .  Vi.  .  E (  X . , X . ) 
i,j=2 1 ^ ] 
(12) 
where X^ and x^ are defined by 
^i^^is^id x^=(m^/m^) i=c,t 
The function E is given by 
1 
E(x^,Xj)= - X^Xj 
(X^-Xj) 4 2(x.-l) 4(x.-l) 
In x^ 
+ (i*->j) -
4(x^-l)(Xj-1) 
(13) 
and for i=j 
E ( x . ) =  -  —  
^ 2 Xi-1. 
In x^- x^ 
4(x.-l) 2(x.-l) 
In (12) the u-quark contribution has been eliminated by using 
the unitarity of the KM matrix. As input into our 
calculations we use the value^^ 
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I e| = 2.274 X 10"^. (14) . 
Also, as input into (12) we use the values £^=160 MeV and 
AML,s=3.52xlO"15 GeV.^^ The values we use for the QCD 
correction factors are ^22=0 "69, >133 = 0.59, and ^23=0.4 1 .25 
The largest uncertainty in (12) comes from the parameter B. 
This parameter is defined in terms of the hadronic matrix 
element 
|Bf2Mj^»<K°| [SY^(l-Y5)d]^lK°> . 
The vacuum insertion approximation result is 3=1.0 (ref. 26) 
whereas, a recent calculation, using QCD sum rules gives, 
e.g., 3=0.84+0.08.27 The calculation of 3 has a long history 
of varied results,28 so we choose two different ranges (one 
loose and one tight) for this parameter 
0.33 < 3 < 1.75 "loose" (15a) 
0.33 < 3 < 1.0 "tight". (15b) 
We will include in our results both of the ranges (15a) and 
(15b). 
Another measure of CP-violation is the quantity e'/s. This 
ratio is experimentally determined to be 
82 
G 
G 
(1.7±8.4)xl0 -3 (Yale-BNL) 29 
(-4.6±5.8)xl0 -3 (Chicago-Saclay) 30 
(3.5±3.6)xl0 -3 
(3.5±1.4)xl0 -3 
(E731 "Preliminary")^^ 
(NA31 "Preliminary")^^, 
(16) 
Unfortunately, there is a great deal of theoretical 
uncertainty involved in the calculation of this ratio. The 
main contribution to e'/e comes from the "strong penguin" 
diagram (shown in Fig. 2) which gives^^ 
6 . 0  
sp Sj^ln(30/m^) 
C g < n n ( l = 0 ) | Q g | K " > I m X ^  - D(y) 
•"c 
where si=sin(8i) (0i being one of the angles in the KM matrix 
shown in Equation (16) of Section 1. 
D(y)= -
8 (1-y) 
~ (15-16y+4y )lny 
18-lly-y +2y— 
1-y 
(17) 
and y=(mt/mw)2. The value of C5<Jiii( 1=0 ) |Qg | kO> is not well 
determined but, for purposes of illustration, we will use the 
values Cg=-0.1 and <iin( 1=0) |Q g  |  kO>=0 .  4  . ^4 There are also 
other contributions to this ratio including "long-distance" 
effects. Recent studies indicate that these contributions are 
substantial and cannot be n e g l e c t e d .34,35 These effects can 
be included by writing 
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(1-Gemp-Snn') ' (18) 
sp 
where Ogmp 0^^, represent the QED penguin and HQ-h-h' 
mixing contributions, respectively. The QED contribution is 
given by SJemp^-0.002 (Ref. 34). Two recent estimates of the 
long distance contribution are R^^,=0.27 (Ref. 34) and 
=0.40±0.06 (Ref. 35) so that the result for e'/e is 
reduced by about 30% from the "strong penguin" calculation 
alone. Because of the large number of theoretical and 
experimental uncertainties associated with this parameter we 
do not use it as a constraint in our analysis. We do, 
however, calculate this ratio and compare it to the 
experimental values shown in (16). 
eO-gO Mixing 
By studying the decays of the B mesons produced in the 
reaction 
e'*"e"->T(4s)->B°(bd)+B°(ba) 
the ARGUS collaboration has measured substantial B®-5® 
mixing.6 The strength of the mixing is given by the parameter 
r which is defined in terms of the ratio of the number N of B^ 
mixing events to non-mixed events 
N(B°B°)+N(B®B°) (AM)2 + (Ar/2)^ 
N(B°B°) 2r^ + (6M)2_(Ar/2)2 
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The mass difference between the two mass eigenstates is AM, AT 
is the difference in lifetimes and, where Tg is the B 
lifetime. Since theoretically it is expected that (Ar/2)2 << 
(AM)2; r can be accurately approximated by 
X3 AM 
r= R , Xj= . (19) 
+ 2 r 
The observed value of r is^ 
r=0.21±0.08 , XJ=0.73±0.18 . (20) 
The parameter xj is given by Xd=2|Mi2|TB where |Mi2l is 
calculated from the Box-diagram connecting B® to E*'. 
, ®b^B°FVB 
12x2 
3 
X. X . )r|. . E ( X . , X . ) 
i,j=2 1 ^ ] 
(21) 
where E(xi,xj) is as in (13) and Xi=V*ibVid. The values that 
we use for the QCD correction factors, Oij, are T\22~^'11 
*133=0.85, and ^^3=0.41 (ref. 36) and the B-Meson mass is taken 
to be Mb=5.28 GeV. The product fg^Bg in this expression is 
not well determined but is expected to lie in the range 
fg2Bg=(0.15+0.05)2, however, recent calculations seem to favor 
the lower end of this range.3? Also, Tg is only known at the 
level of =10% with the most recent world average value being 
Tg=(1.19+0.Il)xl0"12 sec.7 In order to take these 
uncertainties into account we define the following quantity 
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R = ( 2 2 )  
where TB=Arg(TB)x 10~^2 sec. Substituting numerical values 
into (22) we obtain the bounds 
4.IK R < 66.04 "loose" (23a) 
6.92< R < 55.08 "tight" . (23b) 
The range in (23a) is obtained by allowing the full range 
given by the (la) errors on the quantities Xj, and Tg. 
The range in (23b) is obtained by allowing fg^Bg and xg to 
take on the same values as in (23a) and allowing xj to take on 
values as large as two standard deviations (2a) away from its 
central value. One should be aware that (23a) is a very 
conservative constraint. It is unlikely that the three 
quantities in question would conspire in such a way as to 
actually allow values at the edge of this range. Our results 
will include both of the ranges in (23). 
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ANALYSIS 
In this section we explain the procedure used to obtain 
our results. 
From (l)-{5) we see that if the quark mass matrix is 
specified then the elements of are uniquely determined. 
However, by specifying the form of the mass matrix we do not 
uniquely determine 7%%. This is clear from (5) since a priori 
a and T are free parameters. Also, since there are 
uncertainties in the values of the quark masses the non-zero 
elements A, B, and C will also vary. To determine the full 
range of values for the V^j we let a and x run over the range 
0 to 2n in steps of O.Oln radians. The uncertainties in the 
light quark masses are accounted for by letting m^, m^, and mg 
take on the full range of values allowed by (6). For the u-
and d-quarks we use step sizes of 0.2 MeV and for the s-quark 
we use steps of 2.5 MeV. For the c-and b-quarks we simply use 
the central values for their masses since these are uncertain 
by only a few percent. 
In our analysis, we first require that the matrix 
satisfy the constraints (9), (10), and (11). We then further 
require that the values of B and R calculated via (12) and 
(21) satisfy as a minimum the loose constraints (15a) and 
(23a). If for some set of values of a, x, and m^, a mass 
matrix can not produce a mixing matrix satisfying these 
minimal constraints, it is discarded. 
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RESULTS AND DISCUSSION 
In the following we will present our results separately 
for each matrix. 
The Fritzsch Matrix 
The structure of the Fritzsch mass matrix (Mp) is shown in 
Table I. For values of a and x in the ranges *=?=(0.5+0.1)% 
and a=Te(1.5±0.1)R the predicted values for the V^j are in 
good agreement with (9) and (10). We find that except for a 
very small range of m^. values the limits (11), (15), and (23) 
are not satisfied. Since the range of which are allowed is 
so small, we will (for purposes of discussion) only require 
that (9) and (10) be passed by this theory. We see in Figs. 
3, 4, and 5 that for mt>80 GeV even these constraints are not 
satisfied. Fig. 3 shows that the lower limit of R>4.11 is met 
for mt=55-80 GeV. As mj- nears 80 GeV the value of R nearly 
satisfies the tight constraint R>6.92, but, as shown in Fig. 
4, for mt^60 GeV the ratio |Vub/Vcbl falls below the bound 
|Vub/Vcbl>0'07' Only for mt=50-60 GeV does Mp yield IV^b/V^bl 
values greater than this lower limit. In Fig. 5 we see that 
in this mass region B is rather large, B>1.2. Hence, Figs. 
3-5 show that the loose R and B limits can only be satisfied 
for a very tiny range of m^ values and the tight constraints 
(15b) and (23b) are never satisfied. It is important to note 
that in order to satisfy the lower limit (23a) requires all 
three quantities fg^B, Tg, and xj to be very near the edge of 
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their allowed ranges. The maximum R value that Mp predicts 
for mt=55-60 GeV is R=4.5. Maximizing XJ (X(J=1.09) and 
minimizing Tg (1:3=1.08 psec) implies that R=4.5 only for 
0.19)2. However, as mentioned in above recent 
calculations favor values at the lower end of the range 
fgBl/Za 0.10-0.20. Summarizing, in order for Mp to satisfy 
the loose constraints the t-quark mass must lie in the range 
mt=55-60 GeV and all other parameters must take on extreme 
values: 6=1.2, Tg=1.3 psec, r=0.05, and fg^Bef0.19)2. If the 
constraint from charmless B-decays is removed the situation is 
somewhat improved, especially for mt=80 GeV.38 
Three-zero Mass Matrices 
In our earlier work we found several mass matrices with 
three zero elements which could satisfy the constraints (9) 
and (10). Of these matrices those passing the new constraints 
(11), (15), and (23) are included in Table I. Our results for 
these matrices are shown in Tables III and IV and Figs. 6-17. 
These results are obtained from KM matrices which as a minimum 
must satisfy (9), (10), (11), (15a), and (23a). We first turn 
our attention to the matrix M5. 
M5_ 
In Fig. 6 we have plotted the allowed values of R for 
various m^. values. The two dotted lines correspond to the two 
lower limits in (23a) and (23b). The shaded region represents 
values of R arising from KM matrices which also yield values 
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of B in the range (15b). The unshaded region represents values 
satisfying only (15a). Therefore, Fig. 6 shows that for 
mt=55-75.GeV, MG predicts R values in good agreement with 
B®-5^ mixing data. In Fig. 7 we see that this matrix can 
accommodate nearly the entire range of B values allowed by 
(15). In this figure, the shaded region represents B values 
that have been calculated from KM matrices which produce 
values of R lying in the range (23b). In Fig. 8 we plot 
|Vub/Vcbl various m^ values. Here the shaded region 
represents values obtained from KM matrices which predict 
values of R and B satisfying both of the tight constraints, 
(15b) and (23b). The unshaded region represents points which 
only satisfy (15a) and (23a). Fig. 8 shows that if the 
present experimental upper limit on |Vyy/Vcbl can be lowered 
then this matrix could be eliminated from further 
consideration. For example, from Table II we see that this 
matrix is in conflict with the upper bound on Iv^y/Vchl when 
calculated from the Altarelli m o d e l .21»22 Tables III and 
IV we have tabulated e'/e ranges for various values of m^. 
The values shown are calculated using (17) and (18) with 
Cg=-0.1, <nn|Q6|KO>=0.4, and ffigmp + a%%,=0.27. Table III 
represents values of s'/s for which the corresponding B and R 
values pass the loose constraints, whereas. Table IV 
represents values of e'/e where both B and R satisfy the 
constraints (15b) and (23b). We see that this matrix yields 
values for e'/e which are in good agreement with (16). 
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M6iA2l 
This matrix is distinguished from MgfAg) by the value for 
A used in the mass matrix. In the determination of this 
parameter from the eigenvalue equation one obtains a cubic 
equation in A, hence the different roots A2 and A3 (Ref. 8). 
For mt~70 GeV, Mg(A2) easily satisfies all of the constraints 
that we have imposed. This is fairly surprising since we 
previously found that this matrix has a very small allowed 
region in (T-T space. We see in Fig. 9 that all values of R in 
the range (24) are allowed, note that smaller m^ values tend 
to yield smaller R values. As we will see below, this is the 
only matrix we have considered for which the upper limits in 
(23) are even approached. In addition. Fig. 10 shows that a 
wide range of B values are also allowed. In Fig. 11 we see 
that this matrix allows the full range of values for the ratio 
l^ub/^cbl when mt<90 GeV. For mt>100 GeV the predicted values 
for |Vub/Vcbl are always >0.11. We have closely examined the 
region at mt=90 GeV where there is a sharp change in the shape 
of the displayed region. Unlike the other matrices it appears 
that this matrix is quite sensitive to very small changes in 
the values of the input parameters. By doubling the number of 
steps used in scanning over the quark mass ranges and a-r 
space we obtained a far smoother lower bound over the range 
mt=90-120 GeV. This implies that this sharp jump is simply an 
artifact of our resolution. Of course one should expect a 
slight change in our results by reducing the resolution used 
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for all of the matrices examined, however, it appears that the 
|Vub/Vcbl ratio for this particular matrix is extremely 
sensitive to this resolution. Note, however, that the regions 
shown in Figs. 9 and 10 do not show such a sharp change at 
mt=90 GeV. The values of e'/e shown in Tables III and IV are 
outside of the la range of the NA31 limits, however, one can 
not rule out this matrix on this basis. Recall that the 
calculation of this ratio involves a great deal of 
uncertainty. Also, the predicted values do fall well within 
the range obtained by allowing a 2a deviation from the central 
value: 0.7xl0-3<G'/G<6.3x10-3. 
MeiAsl 
In our previous work we found that this matrix satisfies 
(9) and (10) over a large region of a-r parameter space. 
Thus, one might expect that this matrix would satisfy the new 
constraints from e, Xj, and |Vub/Vcbl quite well. We see in 
Figs. 12 and 13 that this is indeed true. However, the tight 
BO_EO constraints are satisfied only for mt%95 GeV. For 
values as low as mt=70 GeV the loose constraints can be 
satisfied. We see in Fig. 14 that this matrix only allows a 
very narrow range of values for |Vyb/Vcbl' fact, if 
IVub/VcbI•074, this matrix could be eliminated. Another 
feature of this matrix is that it requires all light quark 
mass values to be near their allowed upper limits. If this 
model is correct the quark masses would be constrained to be 
m^d GeV) >6.0 MeV, m^d GeV) >10.0 MeV, and mgd GeV) >190 MeV. 
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This matrix does a poor job of satisfying our constraints. 
Actually the tight constraints on R can be satisfied (as can 
be seen in Figs. 15 and 16) only for a very tiny region at 
mt=80 GeV. In Fig. 17 we see that as gets larger 
|Vub/Vcbl gets smaller, until at mt=80 GeV, IV^b/Vchl is right 
at the limiting value of =0.07. 
Two-Zero Mass Matrices 
Of all the two-zero matrices classified in our previous 
work the only one to pass the constraints (9) and (10) is the 
matrix Ng in Table I. Two different roots (B2 and B3) 
produced matrices in agreement with (9) and (10). However, 
N3(B2) does not satisfy the new constraints we have applied, 
therefore, it will not be discussed further here. 
N3IB3I 
NgfBg) (Figs. 18-20) is the only matrix that allows a low 
t-quark mass, m^^SB GeV. It should be noted, however, that 
for low values a fairly large value of the "bag" parameter 
is required (B>1.2). Also, we should remember that the loose 
constraints which we are using are very conservative. If for 
some range of m^ values a matrix only satisfies the loose 
constraints, then within this range it should be considered 
somewhat suspect. The tight constraints are found to be 
satisfied for t-quark masses roughly in the range mt=55-80 
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GeV. From Fig. 20 it is seen that, as in the case of M5, if 
the upper limit on |Vub/Vcbl substantially lowered then 
this matrix would be eliminated from further consideration. 
As for the other matrices examined this matrix also yields 
reasonable values for e'/e. 
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CONCLUSIONS 
In this section we have studied the consequences of 
imposing constraints from CP violation, mixing, and the 
charmless decays of B-mesons on KM matrices arising from 
Hermitian quark mass matrices. We find that the three 
generation Fritzsch model is effectively ruled out by current 
experimental constraints. We found several alternative three 
generation matrices which do satisfy present constraints. Of 
these only two Mg(A2) and MgfAg) were found to satisfy our 
constraints for mt>100 GeV. However, MgfAg) does not satisfy 
the tight constraints when m^-OS GeV. All matrices except 
MgfAg) satisfy at least the loose constraints for mt=55-80 
GeV. The current limits on the ratio |Vub/Vcbl were found to 
provide a strong constraint. If the lower limit for this 
ratio is raised only slightly then MgfAg) would be ruled out. 
On the other hand, lowering this limit below 0.16 would 
eliminate M5 and NgfBg). 
From this work it is clear that we need to improve our 
understanding of the quark mixing sector. The constraints 
placed on the SM by B^-ÏÏ^ mixing data are greatly weakened by 
the uncertainties in fg, Bg, and xg. Improvements in the 
calculation of e and e'/s would greatly constrain the SM. The 
current experimental limits on these parameters are quite good 
but could also be improved. If the theoretical ambiguities 
involved in calculating Xj, s, and e'/s can be reduced then it 
may be possible to uniquely determine the correct form of the 
quark mass matrix. 
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Table I. Hermitian quark mass matrices which 
satisfy the constraints in (9), (10), 
(11), (15a), and (23a) 
M, 
0 
A 
0 
0 
B 
C J 
Mr 
A 
A 
0 
0 
B 
0 
M, 
C A O  
A A B 
0 B 0 
Mrt = 
0 
A 
0 
0 
B 
C 
N. 
0 
A 
B 
100 
Table II. Upper limits on iVyb/Vcbl obtained for 
three different lepton momentum 
intervals with the use of the b-»ulv models 
of Altarelli et al. and Grinstein, Wise, 
and Isgur.22 The quoted values are at 90% 
C.L.21 
Lepton momentum interval 
(GeV) 
2.2-2.6 2.3-2.6 2.4-2.6 
Altarelli 
Grinstein 
< 0 . 1 2  
< 0 . 2 0  
<0.09 
<0.16 
<0.10 
<0.17 
Table III. Values of e'/e predicted by mass matrices satisfying the constraints 
in Eqs - (9), (10), (12), (16a), and (24a) 
m^(GeV) 
50 60 70 80 100 180 
«5 3.5-3.5 0.95-3.2 1.1-2.6 — — 
MgtA,) 1.4-1.7 1.2-1.5 1.1-1.4 1.0-1.3 0.94-1.2 0.74-1.1 
Mg{A3) — — 1.2-1.6 0.95-1-4 0.85-1.4 0.83-1.2 
MgtAg) — 1.2-1.6 0.98-1.5 1.4 — — 
«3(83) 0.98-1. 0 0.80-1.6 0.70-1.5 — — — 
Table IV. Values of e'/e predicted by mass matrices satisfying the constraints 
in Eqs . (9), (10), (12), (16b), and (24b) 
*t 
(GeV) 
50 60 70 80 100 180 
«5 — 1.5-3.2 1.3-2.6 — — — 
MgCA^) — — 1.3-1.4 1.1-1 .3 1.0-1.2 0.83-1.1 
MgtA,) — — — — 1.2-1.4 0.87-1.2 
MgtAg) — — — 1.4 — — 
NgtBg) — 1.3-1.6 1-1-1.5 :— — — 
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Fig. 1. Peynmann diagrams (Box-diagrams) for mixing 
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S 
u,d 
Fig. 2. "Strong Penguin" diagram 
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20.0 
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8.0 
4.0 
120 80 100 20 60 40 
M, (GeV) 
Fig. 3. The ratio R (defined in Eq. (22)) as a function of 
the t-quark mass for the matrix Mp. These values for 
R are obtained from KM matrices satisfying the 
constraints (9) and (10). 
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2.0 
PQ 
0.8 
0.4 
120 80 100 20 40 60 
(GeV) 
Fig. 4. B as a function of the t-quark mass for the matrix 
Mp. These values for B are obtained from KM matrices 
satisfying the constraints (9) and (10). 
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0.02 100 120 60 
M, (GeV) 
80 40 
Fig .  5 .  iV^b/Vcbl  as  a  funct ion of  the  t -quark mass  for  the  
matr ix  Mp.  Values  for  th is  rat io  are  obtained from 
KM matr ices  sat i s fy ing  the  constraints  (9)  and (10) .  
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20.0 
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° 20 40 60 80 100 120 
M, (GeV) 
Fig .  6 .  The rat io  R (def ined in  Eq.  (22) )  as  a  funct ion of  
the  t -guark mass  for  the  matr ix  Mg« These  values  for  
R are  obtained from KM matr ices  which as  a  minimum 
(unshaded region)  sat i s fy  (9) ,  (10) ,  (11) ,  (15a) ,  and 
(23a) .  The shaded region represents  the  case  where  
(15b)  i s  a lso  sat i s f ied .  
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2.0 
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pq 
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0.4 
20 40 60 80 100 120 
(GeV) 
Fig .  7 .  B as  a  funct ion of  the  t -quark mass  for  the  matr ix  
M5.  These  values  for  B are  obtained from KM matr ices  
which as  a  minimum (unshaded region)  sat i s fy  (9) ,  
(10) ,  (11) ,  (15a) ,  and (23a) .  The shaded region 
represents  the  case  where  (23b)  i s  a lso  sat i s f ied .  
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0.20 
0.16-
8 
0.12-
0.08-
60 80 
M, (GeV) 
120 
•  l^ub/^cbl  a  funct ion of  the  t -quark mass  for  the  
matr ix  Mg.  Values  for  th is  rat io  are  obtained from 
KM matr ices  which as  a  minimum (unshaded region)  
sat i s fy  (9) ,  (10) ,  (11) ,  (15a) ,  and (23a) .  The 
shaded represents  the  case  where  both (15b)  and (23b)  
are  sat i s f ied .  
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80.0 
60.0 
40.0 
20.0 
° 20 60 100 140 180 
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.  9 .  The rat io  R as  a  funct ion of  the  t -quark mass  for  the  
matr ix  Mg(A2) .  The two regions  (shaded and unshaded)  
are  as  in  Fig .  4 ,  
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Fig .  10 .  B as  a  funct ion of  the  t -quark mass  for  the  matr ix  
M5(A2) .  The two regions  (shaded and unshaded)  are  
as  in  Fig .  5 .  
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Fig .  11 .  |Vub/Vcbl  a  funct ion of  the  t -quark mass  for  the  
matr ix  Mg(A2) .  The two regions  (shaded and 
unshaded)  are  as  in  Fig .  6 .  
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.  12 .  The rat io  R as  a  funct ion of  the  t -quark mass  for  
the  matr ix  MgfAg) .  The shaded and unshaded regions  
are  as  in  Fig .  4 .  
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Fig .  13 .  B as  a  funct ion of  the  t -quark mass  for  the  matr ix  
MgfAg) .  The shaded and unshaded regions  are  as  in  
Fig .  5 .  
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.  14 .  |Vub/Vcbl  a  funct ion of  the  t -quark mass  for  the  
matr ix  MgfAg) .  The shaded and unshaded regions  are  
as  in  Fig .  6 .  
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Fig .  15 .  The rat io  R as  a  funct ion of  the  t -quark mass  for  
the  matr ix  Mg(Ag) .  The shaded and unshaded regions  
are  as  in  Fig .  4 .  
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Fig .  16 .  B as  a  funct ion of  the  t -quark mass  for  the  matr ix  
MgfAg) .  The shaded and unshaded regions  are  as  in  
Fig .  5 .  
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Fig .  17 .  |Vub/Vcbl  a  funct ion of  the  t -quark mass  for  the  
matr ix  MgfAg) .  The shaded and unshaded regions  are  
as  in  Fig .  6 .  
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Fig .  18 .  The rat io  R as  a  funct ion of  the  t -quark mass  for  
the  matr ix  NgfBg) .  These  values  for  R are  obtained 
from KM matr ices  which as  a  minimum (unshaded 
region)  sat i s fy  (9) ,  (10) ,  (11) ,  (15a) ,  and (23a) .  
The shaded region represents  the  case  where  (15b)  i s  
a lso  sat i s f ied .  
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Fig .  19 .  B as  a  funct ion of  the  t -quark mass  for  the  matr ix  
NgfBg) .  These  values  for  B are  obtained from KM 
matr ices  which as  a  minimum (unshaded region)  
sat i s fy  (9) ,  (10) ,  (11) ,  (15a) ,  and (23a) .  The 
shaded region represents  the  case  where  (23b)  i s  
a lso  sat i s f ied .  
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Fig .  20 .  |Vub/Vcbl  a  funct ion of  the  t -quark mass  for  the  
matr ix  NgfBg) .  Values  for  th is  rat io  are  obtained 
from KM matr ices  which as  a  minimum (unshaded 
region)  sat i s fy  (9) ,  (10) ,  (11) ,  (15a) ,  and (23a) .  
The shaded represents  the  case  where  both (15b)  and 
(23b)  are  sat i s f ied .  
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SECTION IV. AN ANALYSIS OF THE WWy VERTEX; FORM-FACTOR AND 
ANOMALOUS-MAGNETIC-MOMENT EFFECTS 
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ABSTRACT 
We examine  the  poss ibi l i ty  of  p lac ing l imits  on the  
composi te  s tructure  of  the  W boson by looking for  form-factor  
e f fects  as  wel l  as  a  W anomalous  magnet ic  moment  ( /u^)  in  the  
processes  VJ-^evy,  YS -*WV ,  and ^e->WY. We f ind the  most  sens i t ive  
react ion to  variat ion in  the  magnet ic-moment  parameter  i s  
Ye -»Wv,  which should  be  access ib le  at  the  Stanford Linear  
Col l ider  and CERN LEP.  We f ind that  a l l  three  processes  are  
qui te  sens i t ive  to  form factor  e f fects  for  a  composi teness  
sca le  in  the  range  100 GeV < A < 350  GeV.  From these  
react ions  future  experiments  should  be  able  to  observe  W 
composi teness  from the  e f fects  of  a  nonstandard form 
factors ,  or  both.  I f  such e f fects  are  not  observed,  s tr ingent  
l imits  on W composi teness  can be  obtained from these  
react ions .  
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INTRODUCTION 
The d iscovery^ of  the  W and Z bosons  at  CERN g ives  s trong 
experimental  conf irmat ion of  the  s tandard e lectroweak model .% 
However ,  i t  i s  qui te  poss ible  that  the  s tandard model  (SM) i s  
not  a  fundamental  theory but  s imply  a  low energy e f fect ive  
theory.  In  part icular ,  the  SM may be  the  low energy l imit  of  
a  theory containing more  fundamental  part ic les .  One c lue  that  
the  current  se t  of  "fundamental"  fermions  may be  composi te  i s  
the  generat ion s tructure  ex is t ing  in  the  SM. However ,  i f  
quarks  and leptons  are  composi te  the  scale  at  which 
composi teness  wi l l  manifest  i t se l f  i s  l ike ly  to  be  > 1  TeV.3  
I t  i s  not  unreasonable  to  suspect  that  the  W and Z bosons  
are  a lso  composi te .  I t  was  once  thought  that  the  s trong force  
was  due  to  the  exchange of  mass ive  part ic les  (p ions) .  This  
short  range  interact ion turned out  to  be  the  res idual  force  of  
a  more  fundamental  theory (QCD) mediated by mass less  gauge  
bosons  (g luons) .  Of  the  four  known forces  only  the  weak 
interact ions  are  mediated by mass ive  gauge  bosons .  
I f  the  weak gauge  bosons  are  composi te ,  how can th is  be  
observed experimental ly?  A good example  of  how to  f irs t  
observe  composi teness  i s  the  detect ion of  proton composi teness  
through the  measurement  of  the  e last ic  e lectron-proton 
scat ter ing  cross  sect ion.  For  a  spin-1 /2  proton with  
s tructure  do/dQ i s  g iven by^ the  Rosenbluth formula  
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dff  
dS 
dff '  
Mott  _ 1  +  (q2/4Mp) 4Mp "  2 
where  dff /df f i |mott  i s  the  cross  sect ion for  the  scat ter ing  of  an 
e lectron of f  of  a  spinless -s tructureless  proton and Mp i s  the  
proton mass .  Here  the  e lectr ic  (Gg)  and magnet ic  (Gpj)  form 
factors  are  funct ions  of  the  momentum transfer  and are  
normal ized so  that  for  q2=0 0^=1.0  and Grj=2.79=/ /p  ( / /p  i s  the  
magnet ic  moment  o f  the  proton) .  The resul t  of  experimental  
measurements^ of  th is  cross  sect ion i s  that  the  form factors  
obey the  s imple  sca l ing  law 
Gg(q2)=GM(q2) / |Pp |=G(q2)  
with  G(q2)=( l+q^/M^)~2 (M i s  an empir ical ly  determined energy 
sca le) .  
I f  the  W or  Z i s  composi te ,  we might  expect  (as  in  the  
case  of  a  proton composed of  quarks)  that  the  f irs t  indicat ion 
of  composi teness  wi l l  be  form factor  correct ions  to  the  
propagator  and/or  coupl ings  of  the  gauge  bosons .  Unl ike  the  
fermions ,  there  are  only  very  weak l imits  on the  scale  at  
which gauge  bosons  may reveal  a  composi te  s tructure .  
Therefore ,  to  determine  i f  the  observed W or  Z i s  a  
fundamental  gauge  part ic le ,  rather  than a  composi te  object ,  a  
deta i led  s tudy of  i t s  interact ions  must  be  carr ied out .  Also ,  
a  composi te  W would very  l ike ly  have  an anomalous-magnet ic-
moment  parameter  (K„)  which i s  s igni f icant ly  d i f ferent  from 
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the  gauge-theory value  (apart  from radiat ive  correct ions)  of  
uni ty .  
First  we wi l l  cons ider  form factor  correct ions  to  the  W 
propagator  and to  the  gauge  boson tr i l inear  (WWY )  coupl ing .  To 
modify  the  W propagator  we wi l l  mult ip ly  i t  by a  funct ion,  
Fp(q2,A) ,  which depends  on the  momentum transfer  (q2)  of  the  
v ir tual  W and on the  composi te  sca le  (A) .  I t  was  argued in  an 
ear l ier  w o r k ^  that  the  s implest  form for  Fp(q2,A)  i s  the  
funct ion 
F(q2,A)  =  (1  + Xq2/A2)-1 ,  (1)  
where  X=>±1 so  that  Xq2 > 0 .  We see  that  as  that  F->1 and 
we obtain  the  SM. As  ment ioned above  we a l so  cons ider  a  
correct ion to  the  tr i l inear  coupl ing  of  the  gauge  bosons .  We 
assume,  as  for  the  propagator  case ,  that  the  vertex  correct ion 
Fy i s  obtained by s imply  mult ip ly ing the  SM coupl ing  by the  
funct ion g iven in  (1) .  In  our  ca lculat ions  we wi l l  cons ider  
a l l  poss ible  modif icat ions  to  the  cross  sect ion/decay rate:  
Fp=l ,  Fy/ l ;  Fp?<l ,  Fy=l;  Fp/1 ,  Fy/1 .  Although in  any real i s t ic  
theory the  true  modif icat ions  due to  composi teness  may be  more  
complex  we treat  th is  s imple  case  here  to  get  a  fee l ing  for  
the  magnitude  of  such e f fects .  
For  current  low-energy experimental  data  i f  the  composi te  
sca le  i s  in  the  range  0 .1  TeV < A < 0 .5  TeV ( the  range  which 
we wi l l  s tudy in  th is  paper) ,  the  form factor  contr ibut ion 
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would be  negl ig ible .3  However ,  as  we wi l l  see ,  for  of  
order  decay rates  and cross  sect ions  may deviate  
substant ia l ly  from their  SM predict ions .  In  the  near  future ,  
acce lerators  wi l l  have  center-of -mass  energies  which may be  
comparable  to  A,  so  that  form factor  e f fects  might  become 
observable .® 
Each of  the  interact ions  cons idered in  th is  paper  involves  
the  coupl ing  of  a  W boson to  a  photon.  We f ind that  
deviations in the trilinear gauge-boson coupling (WWY) 
produces  cross  sect ions /decay rates  which d i f fer  substant ia l ly  
from the  SM resul ts .  In  general  a  charged spin-one  boson 
would have  an anomalous  magnet ic  { /J^)  and e lectr ic  quadrupole  
moment  (Q^)  g iven by^ 
V 
V  '  T  ' V S J' 
" "w 
where  i s  the  magnet ic-moment  parameter  and i s  the  
quadrupole-moment  parameter .  The general  WWy coupl ing  
inc luding Ky,  and has  been determined^ and i s  qui te  
compl icated.  S ince  our  main purpose  in  th is  paper  i s  to  
obtain  the  magnitude  of  composi te  boson e f fects  ( therefore  
determining in  which interact ions  composi teness  e f fects  may 
f irs t  be  seen)  we wi l l  make the  s impl i fy ing  assumption that  
i s  g iven by i t s  SM value  (Xw=0) .  This  a l so  reduces  the  number 
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of  independent  parameters  to  only  two;  A and K„.  
A fundamental  property  of  true  gauge  part ic les  i s  that  
the ir  anomalous  magnet ic  moments  (K^)  are  equal  to  uni ty  
(apart  from radiat ive  correct ions) .  Therefore ,  i t  i s  crucia l  
that  the  part ic les  observed at  CERN meet  th is  important  
cr i ter ia .  On the  other  hand,  a  composi te  gauge  boson would 
not  be  required to  have  <^=1 unless  imposed by some addit ional  
symmetry .  S ince  we are  cons ider ing the  poss ibi l i ty  of  a  
composi te  boson,  we leave  as  a  free  parameter .  We wi l l  
see  that  the  process  ye-^Wv i s  qui te  sens i t ive  to  deviat ions  in  
whi le  the  react ions  W-^evy and ^e->WY are  not .  
In  composi te  models  of  quarks ,  l eptons;  and gauge  bosons  
there  ex is ts  the  poss ibi l i ty  of  new thresholds  which,  in  
pr incipal ,  could  compete  with  form factor  e f fects .  I f ,  
however ,  we assume,  as  we do  here ,  that  the  fermion composi te  
sca le  i s  much larger  than that  for  gauge  bosons  then we expect  
form factor  e f fects  to  dominate .  
For  further  d iscuss ion of  the  topics  cons idered in  th is  
paper  the  reader  i s  referred to  the  l i terature®.  
W evy  
The decay rate  for  the  process^ Vf^evy can be  ca lculated 
from the  Feynman diagrams shown in  Fig .  1 .  The matr ix  e lement  
can be  wri t ten  in  the  form 
" = -Iff- " ( P i )  v ( P 2 )  <  S  '  ( 2 )  
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where  (By^)  i s  the  W boson (photon)  polar izat ion vector  
and g  i s  the  e lectroweak coupl ing  constant .  i s  g iven by 
V  -  XlY^l l -Yg)  +  |2p-k, - ly ' | l_yg ,r;p^Fp,  
where  (3)  
Cv -  9, ,^P-<l+Kw,k]p + g^^(p t  K„k)^)F„ 
and Fp (Fy)  i s  the  form factor  modif icat ion of  the  propagator  
(vertex) .  S ince  the  modif icat ions  Fp and Fy are  of  the  same 
form (1)  we wi l l  drop the  subscr ipts  and label  a l l  correct ions  
as  F;  matr ix  e lement  contr ibut ions  wi l l  therefore  be  of  three  
types  ,  or  1 .  We note  that  F^ correct ions  ar ise  from 
the  products  FpFp,  FyF^,  or  FpFy which are  indis t inguishable  
experimental ly .  For  th is  case  F i s  g iven by 
A 
Fol lowing the  usual  procedure  we obtain  the  d i f ferent ia l  
decay rate  for  th is  process:  
G ,  dx^dx- ,  512IIX., 12 w 
where  
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16 *2 ^  ^4 [  AtZygyg -  y4^1) + ZBy^yg 
+  2C(yiyg  + ygyg -  y^y, )  -  2Dy,M2 ]  
+ ~  ISy^Yi  ~  SZysYl  +  IGy^y^ -  lôK^y^y^ -
r By,!  
L M,  w  '  
[ ( 1  +  K ^ ) ( y 2 y 5  +  ^ 3 ^ 4 +  ^ 1 ^ 6 ^  -  Y j M w  "  z y g y g ] ] ?  ,  
A 
B 
— 1  — 2  K, 
w^s/^w 
-2  -  2K^ + ,  
C =  2  +  4K^ + (1  + +  K^^yg/M^ ,  
w 
D =  4  -  4y3/n2 _  [ (1  + K„)y3/M^]2 ,  
( 5 )  
and the  y^ are  g iven by 
y i  s  P i ' k  =  '  
^2 ^  P2'k  = &(l -Xl)Mw '  
^ 3  ^  P ' k  =  ,  
^4  ^  Pl 'P2 = '  
yg  s  p^.p  .  ,  
yg  "  Pz'P -  kvl ' 
( 6 )  
The Xj^ are  the  convent ional  sca l ing  variables  def ined by 
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2E.  
*1= '  (7)  
w 
where  the  are  the  energies  of  the  f inal  s tate  part ic les  in  
the  W rest  frame.  This  d i f ferent ia l  decay d is tr ibut ion i s  
infrared divergent  upon integrat ion over  and X2.  To 
e l iminate  th is  divergence  we cut  of f  the  photon energy by 
g iv ing  the  photon a  smal l  mass  m^ (my^Sm^).  In  Table  1  the  
rat io  r(W-»evY)/r(W-»ev)  i s  tabulated for  various  values  of  6 .  
We l i s t  values  for  SM W's  as  wel l  as  for  composi te  W's .  To 
obtain  values  for  the  width r(W-»evY)  we perform an integrat ion 
of  (4)  over  the  variables  and X2:  
1—5 2—25—X» 
d^r  
^^2 -dHzr ' (8) r(W->evY)  =  dx^ 
1-5^-x^ 
the  resul ts  of  th is  numerical  integrat ion can be  seen in  Fig .  
2 .  
We wi l l  f irs t  examine the  case  where  we f ix  K„ to  be  the  
SM value  (K^=l) ,  whi le  a l lowing for  form-factor  correct ions .  
Form-factor  correct ions  are  of  two types  F^ and F^.  The 
s ingle  power correct ions  F^ inc lude  modif icat ion of  the  gauge  
boson tr i l inear  coupl ing  or  the  boson propagator  but  not  both;  
the  F^ correct ions  a l low for  modif icat ion of  both the  vertex  
and propagator .  We see  that  for  F^,A=100 GeV the  decay rate  
deviates  from the  SM predict ion by roughly  25%. As  A 
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increases ,  deviat ion from the  SM rapidly  decreases  so  that  for  
A=250 GeV the  rat io  r /rg ,n=0.95 ,  only  a  5% e f fect .  For  
correct ions  the  deviat ion from the  SM i s  much more  pronounced.  
We see  that  for  the  case  F2,A=100 GeV the  decay rate  deviates  
from the  SM by approximate ly  45%; th is  i s  a  much larger  
deviat ion than the  case  with  only  a  s ingle  power of  F .  
However ,  as  A increases  the  rate  at  which the  rat io  r /Tg^ 
approaches  uni ty  i s  more  rapid  in  the  F^ case  than the  F^ 
case .  So ,  even though for  smal l  A the  deviat ion from the  SM 
i s  great ,  we can not  eas i ly  dis t inguish  the  poss ibi l i ty  of  
large  A from the  SM. For  example ,  for  A=350 GeV we need 
roughly  a  5% measurement  to  d i f ferent iate  the  two 
poss ibi l i t ies .  Therefore ,  a  measurement  of  the  decay rate  
r(W->evY)  provides  a  good tes t  for  determining the  
composi teness  sca le  i f  A i s  less  than 350 GeV.  However ,  for  A 
much greater  than 350 GeV form factor  e f fects  become a lmost  
negl ig ible  unless  very  prec ise  measurements  are  made.  
We have  a lso  examined the  e f fect  on the  decay rate  i f  we 
l e t  Ky vary .  We see  that  the  decay rate  i s  not  very  sens i t ive  
to  deviat ions  in  K„.  The general  shape,  as  wel l  as  the  
magnitude ,  o f  the  curve  remains  about  the  same.  As  shown in  
Fig .  2 ,  the  case  Kw=-3 g ives  roughly  a  5% deviat ion from the  
SM value .  Thus ,  we see  that  th is  process  i s  qui te  insens i t ive  
to  deviat ions  in  K„,  therefore ,  i t  does  not  provide  a  good 
tes t  for  determining the  magnet ic  moment  o f  the  W. We wi l l  
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see  in  the  next  sect ion that  the  process  ye-^Wv i s  much more  
sens i t ive  to  deviat ions  in  K„.  
ye Wv 
Measuring the  cross  sect ion for  the  process  ye-*Vlv wil l  
provide  an important  tes t  of  the  propert ies  of  the  W; th is  
react ion should be  poss ible  at  planned e+e" acce lerators .10  
As we wi l l  see ,  th is  react ion i s  not  only  sens i t ive  to  form 
factor  correct ions  but  i t  i s  a lso  qui te  sens i t ive  to  
deviat ions  in  the  anomalous-magnet ic-moment  coupl ings .  
We evaluate  the  d i f ferent ia l  cross  sect ion^ for  th is  
react ion us ing  the  Feynman diagrams shown in  Fig .  3 .  The 
m a t r i x  e l e m e n t  c a n  b e  w r i t t e n  i n  t h e  s a m e  f o r m  a s  i n  ( 2 ) :  
" - -iff- û'Pz' ""'Pi' < ' <9> 
where  i s  g iven by 
and i s  the  same as  in  (3) .  The form factor  F i s  g iven 
by:  
("^2x3)  
with  X3 def ined below.  
Calculat ing  the  d i f ferent ia l  cross  sect ion in  the  usual  
way we obtain  
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w 
(10) 
H =  16  *2 , _2i 
"1 
8 
(2x4+ )2  
[  A(2XgXg -  X^MJ)  +  2BXj^x,  
+  2c(x^xg + XgXg -  X3X4)  -  20x4"* y + 2  [^2x>x,  
*1(2x4+ 
+ lôXgXg -  16x^x^ -  32x^xg + IGXgX^ -  IGK^x^Xg +  
r2x ,^  
[-2X5X5 + (1  + KwltXgXg + X3X4+ X^Xg)  -  XjM^jjp ,  
where  A,  B,  C,  and D are  g iven in  (5)  with  the  replacement  
73^x3-
The Xi  are  g iven by 
X i  5  p i ' k  =  f  ,  
X g  s  P g - k  =  i ( s  -  M ^ ) ( l  -  c o s e )  =  -  J  u  ,  
X 3  s  P ' k  =  | ( s  +  M ^ ) ( l  +  p c o s G )  =  I  ( M ^ - t )  ,  
X 4  s  P i ' P g  =  | { s  -  M ^ ) ( l  +  c o s e )  =  -  I  t  ,  
X 5  s p^.p = i(s + M^)(l - pcose) = I (M^-u) , 
^^6 ^ P2'P = - "w> ' 
( 1 1 )  
2 2 
where  p  =  ( s  -  M^)/ (s  +  M^) and s , t ,  and u  are  the  Mandlestam 
k inemat ic  var iab les  which  sa t i s fy  s +t+u = m 2 .  
The resul ts  of  our  ca lculat ion c?n be  seen in  Figs .  4-8 .  
In  Fig .  4 ,  we see  that  a l lowing for  form factor  e f fects  
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eliminates the zero at cos0=l. For cos0<O.5 the general shape 
of the differential cross section vs. cosG curve does not 
appreciably change; however, the curves with form factors are 
scaled down in magnitude from the SM prediction. The 
magnitude of this scaling is best illustrated in Fig. 5 where 
we see that for A=100,200 GeV the ratio 
significantly deviates from unity. The deviation is greatest 
near cos0=O where for the extreme case (F2,A=100 GeV) it is 
roughly 50%. In contrast to the above case we see that to 
distinguish the case F^,A=200 GeV from the SM we need a 10% 
measurement. The curves with both corrections (F^) are more 
suppressed than the F^ case, as we would naively expect. The 
divergence of the graph for small angles is simply due to the 
zero in the SM result. Since the total cross section for 
Ye->Wv is approximately 1 or 2 pb (Fig. 4), we would expect = 
500 or so events of this kind per year at a luminosity of lO^l 
cm~2 sec"! and so we would expect to be able to do a 10% 
determination of da/dcosS reasonably quickly. 
The re^Wv process is also very sensitive to deviations of 
away from unity. In Fig. 6, we see that for K^^l not only 
is the magnitude of the da/dcosG curve significantly changed 
but also the shape of the curve. For example, at cos0=O the 
k^=2 prediction is three times as large as the SM prediction. 
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It is also important to note that by allowing to vary 
eliminates the zero at cos0--l allowing a clear signal for 
variance from the SM. In Fig. 7, we see that a measurement at 
the 20% level would allow us to limit to the range 
0.9<Kw<l.l, which is a very stringent limit. In Fig. 8, we 
allow for the possibility of both a form factor contribution 
and a nonstandard value; the situation then becomes quite 
confused. The effect of the form factors is to decrease the 
amplitude for most cosG, while the variation depends 
markedly on the angle. Since the variance is largest it 
plays the role of the dominant factor. Thus, we have seen 
that the ye channel is very sensitive to both and form 
factor alterations of the SM; hence, this process provides a 
good test for compositeness of W bosons. 
^e -> Wy 
To create a W via the processif ^e-^Wy requires very high 
energy neutrinos, such neutrinos can only be found in cosmic 
rays; at a large neutrino detector such as DUMAND^^ such 
reactions should be observable. 
By crossing symmetry (s-channel <--> t-channel) we can 
obtain the diagrams for the process ^e->Wy (Fig. 9) from the 
diagrams of Fig. 3. The matrix element can be written in the 
form 
M = -fîf- v(P2) "(Pl' < S ' (13) 
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where S^-y is given by 
' (2Pi-k)"S„(l-T5)(Ki- X)Y^+ (2p.h|-ly°(l-Y;ir%p^Pp, 
where obtained from (3) by letting k-»-k. The form 
factor F is now given by 
i i ]" .  
The differential cross section for this process is 
-aff5ë(^e-Wr) - , (14) 
w 
where H is the same as in the case and the are those 
in (11) with the interchange of s and t due to crossing 
symmetry. 
In Table II  we have tabulated da/dcos0 for various cases. 
We see that as cos9 approaches unity that (dc/dcos9) g^i 
approaches zero. As in the ye case modification of the gauge 
couplings via either or form factor corrections eliminates 
this zero. We see in Table II that this process is not very 
sensitive to deviations in for /s=100 GeV. However, as /s 
increases da/dcos0 begins to diverge from the SM (the trade­
off is that the magnitude of da/dcosG decreases 
substantially). In Figs. 10 and 11 we see that form factor 
effects are quite substantial. For  9 ^ i„>90° the deviation is 
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roughly 50%. For small 9 the deviation is very large (due to 
the SM zero at cos0=l) but da/dcos© is small. In Fig. 12 we 
have allowed for both a form factor contribution and a 
nonstandard K^. The result is nearly the same as in Fig. 10 
with deviations being slightly greater due to the extra 
suppression from effects. Thus, we have seen that this 
process is fairly sensitive to form factor effects but not 
very sensitive to effects. However, the difficulty in 
observing this process experimentally discounts it from being 
a good test for boson compositeness. 
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CONCLUSIONS 
In this paper we have examined both form factor and 
effects in the processes W->evY, re^Wv, and 
In general we have found that a composite W will have a 
lower decay rate/cross section than a SM W; the deviation is 
greatest when both propagator and vertex corrections are taken 
into account. We found that all three processes give a clear 
signal for compositeness if A<350 GeV. For A>350 GeV it 
becomes quite difficult to distinguish a composite W from the 
SM boson, hence a study of these processes would not be very 
useful in constraining A to values much greater than 350 GeV 
unless very sensitive measurements were possible. 
We have found that the reactions W->evY and ^e->WY are quite 
insensitive to deviations in K„. On the other hand, the 
reaction ye^Wv is very sensitive to k„ deviations; a precise 
measurement of da/dcosG for this reaction can constrain K„ to 
values within 5% of its SM value. 
In examining combined form factor and effects we find 
that we have mixed results. In the ye-^Wv case the K„ effect 
is dominant while in the other two cases form factor effects 
are most pronounced. 
It is quite possible that future experiments will uncover 
another substructure of matter. We have found that the WWy 
vertex is very sensitive to form factor and effects; hence, 
processes containing this vertex will provide an early signal 
for physics beyond the SM. 
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Table 1. The ratio r(W-»evY) /r(W-»ev) for various values 
of S. Both cases and (at A=100, 350 GeV) 
are shown as well as the SM resuit. Two 
different values of are shown: K^=+l and 
Kw=-3. 
A(GeV) 5=0.025 5-0.050 5=0.075 
II +
 
I-
» F 100 0.019 0.011 0.008 II +
 
I-
» 
F 350 0.026 0.015 0.010 
F^ 100 0.014 0.009 0.006 
350 0.025 0.014 0.009 
1 00 0.027 0.015 0.010 
m
 
1 II F 100 0.020 0.013 0.008 
m
 
1 II 
F 350 0.027 0.016 0.011 
F^ 100 0.015 0.009 0.007 
F^ 350 0.026 0.016 0.011 
1 00 0.028 0.017 0.011 
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Table 2. The differential cross section da/dcos0(pb.) for the 
process ^e-^Wy. Tabulated are various values of 
cosG, and /s. The angle 9 is defined as the 
angle between the incoming electron and the outgoing 
W boson in the center-of-mass frame. 
4s (GeV) 
""w 
1 O
 
o
 
CD
 1 o
 
cos 0 
0 0.4 
CO o
 
100 -3 306 85.2 40.1 20.7 10.4 
1 291 74.2 31.6 13.6 3.60 
3 290 74.9 33.7 16.3 5.90 
200 -3 38.7 18.8 13.8 13.2 15.9 
1 18.1 3.83 1.52 0.70 0.22 
3 20.0 6.27 4.58 4,38 4.50 
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Table 2, The differential cross section da/dcos0(pb.) for the 
process "Oe->WY. Tabulated are various values of 
COS0, and /s. The angle 9 is defined as the 
angle between the incoming electron and the outgoing 
W boson in the center-of-mass frame. 
^s (GeV) 
CO o
 
o
 
1 
-0.4 
cos 0 
0 0.4 0.8 
100 -3 306 85.2 40.1 20.7 10.4 
1 291 74.2 31.6 13.6 3.60 
3 290 ^ 74.9 33.7 16.3 5.90 
200 -3 38.7 18.8 13.8 13.2 15.9 
1 18.1. 3.83 1.52 0.70 0.22 
3 20.0 6.27 4.58 4.38 4.50 
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W " ( P )  
y ( K )  
W" 
Ï/, ( Pg) 
e ( P , )  
( a )  ( b )  
Fig. 1. Feynman diagrams for the process W-»evY 
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100 200 300 400 
A(GeV) 
500 600 
Fig. 2. The decay rate r(W-»evY)/r(W-»evY)sm a function of 
the compositeness scale A; the cases F^, F^ and k„=1, 
-3 are shown. The energy cutoff is taken to be 
5=0.025. 
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r ( k )  vv-(p) w -
w 
e 
( a )  ( b )  
g. 3. Feynman diagrams for the process ye-*Vl\ 
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ye—-W ue 
100 GeV 
K= I 
2.4 
2.2 
2.0 
o. 
0.8 
0.6 
0.4 
0.2 
0.3 0.5 
Cos 9  
Fig. 4. The differential cross section d(r/dcose( Ye->Wv) at 
/s"100 GeV and K#»!. Both cases and F^ (at A=100 
GeV) are shown as well as the SM result. The angle 0 
is taken to be the angle between the incoming e and 
the outgoing W boson in the center-of-mass frame. 
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l .25r 
1.0 
F, A = 200 GeV 
F?A= 200GeV 
F, A «100 GeV 075 
FrA» 100 GeV 
0.5 
025 
-0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9 
Cos 9  
Fig. 5. The ratio R, given in equation (12), as a function of 
COS0. Both and corrections are considered for 
the two scales A=100 GeV and A=200 GeV. 
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10 
ye -f Wy 
^ = 100 GeV 
*="0.5 
K-
2 
10 1.0 0.6 
-1.0 -0.6 -0.2 0 0.2 
cos 0 
Fig. 6. dff/dcos0 (ye-^Wv) for various values of 
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2.4 
2.2 
1.4 
•â 
CD 
S 
•o 
1.0 
0.8 
0.6 
0.4 
0.2 
1.0 0.6 
-0.2 
-1.0 
Cos 6 
Fig. 7. dff/dcose( Ye->Wv) for K„ values near unity 
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•O 
a 
Q) 
o 
O 
T3 
b 
T) 
F.F 
S.M. 
-1.0 -0.6 -0.2 0.2 0.6 1.0 
Cos B 
Fig. 8. The differential cross section d(j/dcos0( Ye->Wv ) at 
/s=100 GeV and k„=-3. Both cases and F^ (at A=100 
GeV) are shown as well as the SM result. The angle 0 
is taken to be the angle between the incoming e and 
the outgoing W boson in the center-of-mass frame. 
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W ( P )  
e-( P. ) 
9. Feynman diagrams for the process ^e-»WY 
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ve —VIY 
V? = 100 GeV 
10 0.4 0.2 0 -0.0 -0.6 -0.4 -0.2 
COS 9 
Fig. 10. The differential cross section da/dcosGf^e^Wy) at 
/s"=100 GeV and <#=1. Both cases and F^ (at A=100 
GeV) are shown as well as the SM result. The angle 
0 is the same as in Fig.4. 
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.25 
0.75 
cr 
/  F,A= 100 GeV 
0.5 
ïïe —- Wy 
VS = 100 GeV 0.25 
-0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 
cosd 
Fig. 11. do/dcosGt^e^Wy) normalized to the SM value. Both 
cases and F^ are shown for various values of A. 
157a 
Wy ue 
VS = 100 GeV 
K = - 3 
0.4 0.2 0.6 -0.4 -0.2 -0.8 
cos 9 
Fig. 12. The differential cross section de/dcos8(qe^WY) at 
/s"100 GeV and <*"-3. Both cases F^ and F^ (at A»100 
GeV) are shown as well as the SM result. The angle 9 
is the same as in Fig. 4. 
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SUMMARY 
In this dissertation we have studied two topics related to 
the generation problem. 
We have performed a systematic analysis of three 
generation Hermitian quark mass matrices having two or more 
zeros. We have shown that for matrices with only three 
parameters (A, B, C) and four zero elements that the Fritzsch 
matrix is the unique mass matrix. Of the very large number of 
matrices with two or more zeros we have shown that only a few 
are physically distinct. Several of these matrices agree with 
the experimental limits placed on the magnitudes of the 
elements of at least as well as the Fritzsch ansatz does. 
We subsequently studied the consequences of imposing 
constraints from CP violation, b^-5® mixing, and the charmless 
decays of B-mesons on KM matrices arising from these Hermitian 
quark mass matrices. We find that the three generation 
Fritzsch model is effectively ruled out by current 
experimental constraints on these quantities. Several 
alternative three generation matrices (of two or three zeros) 
do satisfy present constraints. Of these only two M(5(A2) and 
MgfAg) were found to satisfy our constraints for mt>100 GeV. 
All matrices except MgfAg) satisfy at least the loose 
constraints for mt=55-80 GeV. The current limits on the ratio 
jVub/^cbl were found to provide a strong constraint. If the 
l o w e r  l i m i t  f o r  t h i s  r a t i o  i s  r a i s e d  o n l y  s l i g h t l y  t h e n  M g f A g )  
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would be ruled out. On the other hand, lowering this limit 
below 0.16 would eliminate M5 and NgfBg). 
If the generation structure in the standard model is due 
to compositeness then it is important to know where this 
substructure will first reveal itself. We argued that these 
effects would likely be first seen as form factor 
modifications to scattering cross sections. We examined both 
form factor and K„ effects in the processes: W^e^Y, re->VJv, and 
\)e-»WY. 
In general, we have found that a composite W will have a 
lower decay rate/cross section than a SM W; the deviation is 
greatest when both propagator and vertex corrections are taken 
into account. We found that all three processes give a clear 
signal for compositeness if A<350 GeV. For A&350 GeV it 
becomes quite difficult to distinguish a composite W from the 
SM boson, hence a study of these processes would not be very 
useful in constraining A to \alues much greater than 350 GeV 
unless very sensitive measurements were possible. 
It is quite possible that future experiments will uncover 
another substructure of matter. We have found that the WWy 
vertex is very sensitive to form factor and effects, hence, 
processes containing this vertex will provide an early signal 
for a new level of structure beyond the present. 
The generation puzzle is clearly one of the outstanding 
problems of particle physics. The solution of this problem 
will most certainly require a fundamental change in the 
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present SM either via compositeness, 
superstring physics, etc. Much more 
understanding the generation problem 
horizontal symmetries, 
work is clearly needed 
and quark mixing. 
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